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PREFACE 

As indicated by the title, the purpose of this book is to present 
the principles of modern physical chemistry in the form of a sys- 
tematic course of instruction and training. While designed pri- 
marily for classes composed of students who purpose to become 
professional chemists or physicists, it is hoped that it will sorve as 
a suitable foundational course for any class of students who wish 
to obtain a usable knowledge of the subject. To the student or 
reader who wishes merely a general or cultural familiarity with the 
field covered by physical chemistry the book will probably not 
appeal very strongly, since the subject is designedly presented in 
such a manner as to require the student to do a large part of the 
reasoning, and many portions of the book can scarcely be pursued 
to advantage by most beginners in the subject except under the 
direction of a competent instructor. 

The method of presentation adopted presupposes on the part ^ ; 
of the student a collegiate training in general or elementary c^veinv/ ; 
istry and in general physics, and a training in matKemktfcd ' 
which includes the elements of the differential "arrd; inlegf^I 
calculus. The author is aware that in many^ 0lementf<i5f/,text- 
books of Physical Chemistry it is customary to av6ji(i'.tJi6 use.pT. . 
the calculus as far as possible, frequently even with tho sacl:ifice ' 
of accuracy and at the risk of conveying erroneous impressions 
concerning some of the most fundamental relationships; and in 
those cases where the use of the calculus seems to be unavoidable 
some authors have felt it incumbent upon themselves to assume 
a somewhat apologetic attitude and to explain that the student 
must take on faith "these few derivations'' but that he should 
not allow this fact to worry him, since with the aid of the ac- 
companying explanations and illustrations he will still be able to 
understand the relationships and to apply them, even though he 
is not in a position to appreciate clearly what is involved in their 
derivation. With this dilettant attitude the writer finds himself 
entirely out of sjnnpathy and the literature of chemistry unfor- 
tunately abounds in illustrations of the dangers of inculcating 
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such an attitude in the mind of the student. In the following 
pages the calculus has been freely employed, and while pains 
have been taken to explain, illustrate and emphasize the signifi- 
cance and physical meaning of the derived relationships, the 
student who is unfamiUar with the calculus will probably realize 
that his grasp of the subject must in many particulars be very 
inadequate and if he hopes to employ the laws and principles of 
Physical Chemistry in an intelligent and confident manner he is 
strongly advised to acquire the elements of the calculus before 
attempting to secure any special training in Physical Chemistry. 
For a well-rounded introductory course in Physical Chemistry 
the present book will be found lacking in one very essential fea- 
ture. As implied by the title, no attempt has been made to 
deal with the laboratory side of the subject and in the few in- 
stances where special apparatus is figured, the figure is usually 
merely a diagrammatic one and the discussion of the method of 
measurement is restricted to making clear the nature of the quan- 
tity or phenomenon under consideration. It is assumed therefore 
that the instructor who makes use of the present text will accom- 
/•//gany the class-room instruction in the principles of the subject 
' •'.wjt^ '^» closely correlated laboratory course dealing with the 
»3iPplicatibji* grf. these principles to specific cases and familiarizing 
. '.the st^ucjent'witli^rome of the more important methods of phys- 
:•' /"icQ^^^e^pj^L nieAsurements. Some of the peculiarities in the 
•'.•.gCrfairgeiAeni of the text are the result of an effort to make it 
eaMetrtp. 'correlate the laboratory work with the class-room work 
and at tb^* same time adapt it to the exigences of semester 
class schedules and the necessity sometimes of making one set 
of apparatus serve a number of students in succession. It is for » 
this reason, for example, that the subject of solutions is taken up 
before Chapters XIX and XX, which might otherwise more log- 
ically follow Chapter XI. The arrangement is one which the 
author has found to work well with his own classes. 

Perhaps the most radical departure from the custom which 
under the leadership of Ostwald has prevailed heretofore in most 
text-books of Physical Chemistry is in connection with the 
manner in which atomistics and molecular kinetics are treated. 
Instead of considering these systems in a special chapter as in- 
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teresting but unnecessary hypothetical explanations of observed 
facts, they are themselves in their most.essential features treated 
as facts already established beyond the possibiUty of reasonable 
doubt, and together with thermodynamics, are made to serve as 
the framework for the development of the whole subject. Even 
in the case of thermodynamics an attempt has been made in 
Chapter XI to convey to the mind of the beginning student some 
idea of that fundamental relationship between atomistics and 
thermodynamics which was brought to light by the labors of 
Boltzmann. 

In institutions where the time available for class-room work in 
Physical Chemistry is equivalent to five semester hours, it will 
usually be possible to take up in detail some of the more im- 
portant thermodynamic derivations, and to facilitate this the 
derivations of practically all the thermodynamic equations em- 
ployed in this book are given in the Appendix with the proper 
cross references in the body of the text. In many institutions, 
however, the short time available for the introductory course in 
Physical Chemistry makes it necessary to postpone most of the 
thermodynamics to more advanced courses. The arrangement 
of the text has been made with this state of affairs in mind and 
the discussion and use of the Second Law in the body of the text 
is largely restricted to making clear the purely energetic char- 
'acter of thermodynamic reasoning, so that when a relation is 
given as a purely thermodynamic one the student may have a 
proper appreciation of the very dependable character of its foun- 
dation, even though the details of all the derivations cannot be 
taken up in the class room. It is hoped also that the Appendix 
will be found useful as a convenient reference for the occasional 
inquiring mind which is not satisfied to take the thermodynamic 
equations on faith. 

In many cases the development of the principles and in all 
cases their applications are presented in the form of problems, of 
which the book will be found to contain a considerable number. 
For some of these the author is indebted to friends and col- 
leagues, and to other texts, especially to Noyes and Sherrill's 
General Principles of Chemistry which was made accessible to the 
writer through the kindness of its authors. Most of the prob- 
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lems, however, have been expressly prepared for this book and un- 
less otherwise stated the. numerical data given are the results of 
actual experiments. It is not expected that any one group of 
students will work all of the problems in the book. Some of them 
are too difficult for the beginner to solve alone and are intended 
to be worked out in the class room by the instructor with what- 
ever assistance he is able to secure from the members of the class; 
others (such as problem 4, Chapter XX) will be found more use- 
ful in connection with advanced courses, but it is hoped that the 
number and variety is sufficient to make them adaptable to any 
class. The author will esteem it a favor if users of the text will 
call his attention to errors in any of these problems or in any 
other part of the book. 

During the preparation of this book the author has sought the 
suggestions and criticisms of his friends in regard to many points 
and is glad of this opportimity to acknowledge his indebtedness 
to them. For permission to make use of important material 
before' its regular publication he is indebted to the kindness of 
Professors R. A. Millikan, S. J. Bates, C. A. Kraus and W. D. 
Harkins. He has also profited by valuable criticisms received 
from Professors A. A. Noyes, R. C. Tolman, and R. A. Millikan, 
and from his colleagues and former students. Doctors D. A. 
Maclnnes, S. J, Bates, E. B. Millard, and others. To Dr. 
Millard he is also indebted for valued assistance in the reading of 
proof. 

The first 14 chapters of the book were written in 1913 and a pre- 
liminary edition of this part of the book was published in 1914. 
Much of the remainder of the book has also been in type since the 
early part of the present year and has been in use in the author's 
classes. This opportunity to test the book in actual class use 
previous to its formal publication was accorded by the publishers 
and has contributed materially to the detection and elimination 
of errors. 

Edward W. Washburn. 

Laboratory op Physical Chemistry 

University op Illinois 

Urbana, III. 

SepU 1, 1916. 



INTRODUCTION 

Definitions and Units of Measurement 

1. Physical Chemistry. — Physical chemistry, sometimes called 
also theoretical or general chemistry, treats of the fundamental 
laws and principles and the important theories and systems of 
classification which have been formulated in order to give scien- 
tific expression to our knowledge of the physical and chemical 
behavior of material substances. 

2. Physical Quantities and Units. — Physical quantities and 
units not specifically or inferentially defined in the pages of this 
book are assumed to be familiar to the student from his previous 
study of chemistry and physics. For convenience in reference, 
however, the definitions of the three fundamental c.g.s. units and 
of a few other quantities are given below. For a more complete 
list the student will find Guthe's Definitions in Physics con- 
venient for reference. 

3. The Centimeter. — The unit of length in the c.g.s. system is 
defined as x^ part of a standard meter. The standard meter 
is a length equivalent to the distance between the defining lines 
on the international prototype meter at the International Bureau 
of Weights and Measures (at Sfevres, France) when this standard 
is at 0° C. 

4. The Gram. — The unit of mass in the c.g.s. system is defined 
as ttJVtt part of the standard kilogram. The standard kilo- 
gram is a mass equivalent to the mass of the international proto- 
type kilogram at the International Bureau of Weights and 
Measures. 

5. The Second. — The unit of time in the c.g.s. system is defined 
as equal to 8g.4oo part of a mean solar day. 

6. Dimensional Formulae. — The dimensional formula of any 
quantity is an expression showing which of the three fundamental 
c.g.s. units enter into its own unit, and the dimensions, as indi- 

ix 
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cated by exponents, with which they appear. Thus the dimen- 
sional equation for viscosity is 

7. The Liter. — A liter is a unit of capacity equivalent to the 
volume occupied by 1 kilogram of pure water at its maximum 
density and under a pressure of one atmosphere. It is equivalent 
to 1000.027 c.c. The ttjVit part of a liter is also frequently called 
a "cubic centimeter'' by chemists, although this terminology is, 
strictly speaking, incorrect, as the milli-liter is 0.0027 per cent, 
larger than the cubic centimeter. 

8. Units of Electricity. — The electrostatic unit of electricity is 
that quantity of electricity which repels an equal quantity, at a 
distance of 1 cm. in vacuo ^ with a force of 1 dyne. Its dimen- 
sions are 

The electromagnetic unit of electricity is 3X10^® electrostatic 
units, 3X10^® cm. per sec. being the velocity of light in a vac- 
uum. Its dimensions are 

The absolute coulomb is a practical unit of electricity defined as 
one-tenth of the c.g.s. electromagnetic unit. The international 
coulomb is a technical unit which, as defined by the last Interna- 
tional Conference on Electrical Units and Standards, is the 
quantity of electricity required to yield a deposit of 0.00111800 
gram in a silver coulometer (XVI, 5) constructed and handled in 
a certain specified manner. According to the most recent deter- 
minations at the National Bureau of Standards the international 
coulomb is about 0.004 per cent, less than the absolute coulomb. 

9. Units of Electrical Resistance. — ^The c.g.s. unit of electrical 
resistance in the electromagnetic system is that resistance in 
which heat equivalent to 1 erg is produced when one unit of 
electricity passes through the resistance as a steady current for 
1 second. Its demensions are 

[R] = [mHt-^] 

* 

the same as those of velocity. 

The absolute ohm is a practical unit of electrical resistance 
defined as 10* c.g.s. electromagnetic units. "The international 
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ohm is the resistance offered to an unvarying electric current by a 
column of mercury at the temperatiu*e of melting ice, 14.4521 
grams in mass, of a constant cross-sectional area, and of length 
of 106.300 cm.'' 

The other electrical units are defined in terms of the two given 
above. 

10. Dielectric Constant. — The dielectric constant or specific 
inductive capacity of a substance is the reciprocal of the propor- 
tionality constant in Coulomb's Law 

/ being the electric force acting between two charges (qi and ^2) 
of electricity 1 cm. apart. Its unit of measurement is the di- 
electric constant of a vacuum and its dimensions are accordingly 

[K] = [mm^] 

System op Notation and References 

11. Notation. — A consistent system of notation is used 
throughout this book. It follows very closely the system adopted 
by the International Commission for the Unification of Physico- 
chemical Symbols, with the addition of descriptive subscripts. 
Letters and symbols denoting physical quantities and constants 
are in most instances in Italics, and letters denoting chemical 
substances, in Roman capitals. 

12. References. — ^Literature references are collected at the 
end of each chapter and are numbered to accord with reference 
numbers in the text. These references are intended to cover 
only the most recent literature but by consulting this literature 
the student will find further references which will open up to 
him the complete literature of any topic on which he desires 
further information. 

Cross references throughout the book are to chapter and section 
instead of to page. Thus (XVI, 2) signifies Chapter XVI, sec- 
tion 2; and equation (5, XX) refers to equation number 6 of 
Chapter XX. The student should consult the cross references 
whenever they occur. 
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PRINCIPLES OF 
PHYSICAL CHEMISTRY 

CHAPTER I 

THE STRUCTURE OF MATTER AND THE COMPOSITION 

OF SUBSTANCES 

1, The Rise of the Atomic Theory.^ — The problem of the consti- 
tution of material bodies is one which has interested philosophers 
since the dawn of history. Some time prior to 500 B. C, the 
Hindu philosopher Kanada held the theory that material bodies 
are not continuous but are made up of very small indivisible 
particles, which are in a constant state of motion, flying about in 
all directions. This theory, known as the atomic theory, was also 
advanced about 500 B. C. by Leucippus, the founder of the Greek 
atomistic school, and was further developed by his pupil Democ- 
ritus to whose writings we owe all of our knowledge of the begin- 
nings of the atomistic philosophy of the Greeks. These ancient 
atomic theories were, however, entirely the result of purely meta- 
physical speculation without any experimental basis and until the 
birth of experimental science no further progress in this direction 
was possible. 

The first noteworthy attempt to interpret the known behavior 
of material bodies in terms of the atomic theory was made in 
1743 by Lomonossoff,"* a Russian physical chemist, but his work 
unfortunately remained unknown outside of Russia until 1904. 

« Michael Vassilievitch Lomonossoff (1711-1765), born of peasant parents 
in a little village near Archangel, became professor of chemistry in the 
Academy of Sciences in St. Petersburg and in 1748 built the first chemical 
laboratory for instruction and research. His publications stamp him as one 
of the greatest of physical chemists. His ideas of elements, molecules, 
atoms, heat, and light were essentially the same as those held today and in 
many ways he was so much ahead of his time that his work was ridiculed 
and forgotten until resurrected by Menschutkin in 1904 (See Alexander 
Smith, Jour. Amer. Chem. Soc, 34, 109 (1912)). 

1 
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Meanwhile in 1803, John Dalton,"* in England, had given to the 
world the modern atomic theory, which has played such an im- 
portant r61e in the development of the science of chemistry. 
Although this theory proved of the greatest assistance in the inter- 
pretation and correlation of the known facts of chemistry as well 
as in pointing the way toward new discoveries, it was nevertheless 
merely a theory, for however useful atoms and molecules, as 
concepts, might be in interpreting the data of science, they have, 
until very recently, been regarded merely as convenient hy- 
potheses, not as actualities. 

During the last decade, however, a flood of new and more 
refined methods of investigation has thrown a powerful light upon 
the old question of the structure of matter. This new evidence 
is, moreover, of such a striking and convincing character and 
comes from such a great variety of different sources that chemists 
and physicists of the present day may now accept the atomic and 
molecular structure of matter as a fact established beyond the 
possibility of reasonable doubt. Some of the more important 
pieces of evidence which have led to this result will be presented 
during the development of our subject. 

2. The Structure of Matter. — Our present qualitative knowl- 
edge concerning the structure of matter and the composition of 
chemical substances may be briefly summed up as follows: 

(a) Atoms. — Every elementary substance is made up of 
exceedingly small particles called atoms which are all alike and 
which cannot be further subdivided or broken up by chemical 
processes. It will be noted that this statement is virtually a 
definition of the term elementary substance and a limitation of 
the term chemical process. There are as many different kinds 
of atoms as there are chemical elements. 

(6) Molecules. — Two or more atoms, either of the same kind 
or of different kinds, are, in the case of most elements, capable 
of uniting with one another in a definite manner to form a higher 
order of distinct particles called molecules. If the molecules of 
which any given material is composed are all exactly alike, the 



• John Dalton (1766-1844), Tutor in Mathematics and Natural PhU- 
osophy in the New College, Manchester. His New System of Chemical 
Philosophy appeared in 1808. 
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material is a pure v substance. If they are not all alike, the 
material is a mixture. 

(c) Elementary Substances. — If the atoms which compose 
the molecules of any pure substance are all of the same kind, the 
substance is, as already stated, an elementary substance. It is 
evident, however, that different elementary substances may be 
formed from the atoms of the same element according as the mole- 
cules which these atoms form are composed of one (monatomic 
molecules), two (diatomic molecules), three (triatomic molecules), 
or more (polyatomic molecules) atoms per molecule and even in 
the case of molecules composed of the same number of atoms all of 
the same kind, substances of different physical properties may be 
produced, if the atoms within the molecule are differently ar- 
ranged with respect to one another. Hence the same element 
may exist as various different (allotropic) elementary substances. 
Thus there are several perfectly distinct substances known, each 
of which when allowed to unite with oxygen will produce 2 grams 
of pure sulphur dioxide for each gram of the substance taken. 
This proves that the atoms of all of these substances are sulphur 
atoms and the substances are all known as different forms of the 
element sulphur. Their different physical properties are due to 
differences in the internal structure or the arrangement of the 
molecules. 

It may also happen that a given material might display nearly 
all of the chemical and physical properties characteristic of an 
element and still be composed of more than one kind of atoms. 
This situation has arisen recently in the case of the element lead. 
Richards* has found^ that the atomic weight of the lead ob- 
tained from radioactive minerals is quite appreciably different 
(0.36 per cent.) from that of ordinary lead. The ultra violet 
spectra of the two materials were nevertheless found to be en- 
tirely identical, line for line, and in their chemical behavior the 
two "leads" were indistinguishable from each other. No sepa- 
ration of either material into two or more different substances 
could be effected and when once mixed together not the slightest 
separation of one from the other could be effected by any physical 
or chemical means tried. The only way in which the two 

• Theodore W. Richards (1868- ), Professor of Chemistry in Harvard 
University. 
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materials could be distinguished from each other at all was 
through their different atomic weights and through the fact that 
one material was radioactive (I, 2f), thus showing the presence 
of atoms in an unstable condition. It may be mentioned here 
that recent theories* advanced by Soddy^ and by Fajans* predict 
the existence of groups of elements which are chemically non- 
separable from one another and which differ only in the different 
atomic weights of the members of the group and in the different 
degrees of stability of their atoms. Several such groups have 
been studied by Soddy. It has been proposed to call the mem- 
bers of such a group nonseparables or isotopes. They will receive 
a more detailed treatment in a later chapter.^ 

(d) Compotmd Substances. — If the atoms which compose the 
molecules of a pure chemical substance are not all of the same 
kind; the substance is a compotmd substance. Just as in the 
case of elementary substances there may be several different 
compound substances, all composed of molecules having the same 
atomic composition and owing their different properties to the 
different ways in which the atoms composing the molecule are 
arranged with respect to one another. Thus two different sub- 
stances are known whose molecules are each composed of two 
atoms of carbon, six atoms of hydrogen, and one atom of oxygen, 
that is, the molecules of both substances have the composition 
represented by the empirical formula, C2H6O. The molecules 
of one of these substances have the structure which is represented 
by the formula 

H *H 
H-C-C-0-H 

H. H 
This substance is ordinary *ethyl alcohol. 

The structure of the molecules of the second substance is 
represented by the formula, 

H H 

H-C-0-C-H 

H H 

• Frederick Soddy, F. R. S. (1877- ). Formerly Lecturer in Physical 
Chemistry and Radioactivity at the University of Glasgow. Since 1914 
Professor of Chemistry at the University of Aberdeen. 

* Kasimir Fajans, Investigator in the Laboratory of Physical Chemistry 
of the Karlsruhe Institute of Technology. 
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and this substance is called methyl ether. Compound substances 
whose molecules are identical in composition but different in 
structure are called isomeric substances or isomers. 

It is obvious that the more nearly two molecular species resem- 
ble each other both in composition and in structure, the more 
closely will the two substances composed of these molecules 
resemble each other in all of their physical and chemical properties. 
In some cases this resemblance is exceedingly close. Thus there 
are two distinct substances known, both of which are called amyl 
alcohol and both of whose molecules have the structure repre- 
sented by the formula 

CH3' H 

C2H6 CH2OH 

In nearly all of their physical and chemical properties the two 
substances are identical. They both have the same melting point, 
the same boiling point, the same heat of combustion and the same 
solubility in water. The chief difference between them lies in 
their behavior toward polarized light and this behavior serves 
as a means of distinguishing one from the other. If a beam of 
polarized light is allowed to pass through a layer of the substance 
in the liquid or the gaseous state, the plane of polarization is 
rotated to the left by one substance while the other rotates it 
to the right to an exactly equal degree. The first substance is 
called laevo-amyl alcohol and the second substance dextro-amyl 
alcohol for this reason. The difference in molecular structure 
which is the cause of this behavior is, according to the theory of 
van't Hoff *-LeBel,* simply a difference in the order in which the 
four different groups are arranged in space about the central 

" Jacobus Henricus van't Hoff (1852-1911), Professor of Chemistry in 
the University of Amsterdam (1877-1896) and in the University of Berlin 
(1896-1911). He met Le Bel while studying with Wiirtz in the 6cole de 
Medecine in Paris in 1874 and his paper on the asymmetry of the carbon 
atom appeared in September of that year. Van't Hoff is especially re- 
nowned for his contributions to the modem theorv of solutions. 

^ Joseph Achille Le Bel, F. R. S., a F^ ing in Paris. 



6 PRINCIPLES OF PHYSICAL CHEMISTRY [Chap. I 

carbon atom, the arrangements in the two eases being such that 
one molecule has the same arrangement as the mirror image of 
the other. Such isomers as these are called optical isomers and 
occur whenever a molecule is made up of four different atoms or 
groups all attached to the same central atom. The central atom 
under these conditions is said to be asymmetric. 

(e) Electrons. — We have seen that the molecule of a substance 
is an individual composed of one or more atoms and its structure 
may be a very complex one, if it happens to be made up of a large 
niunber of different atoms. Modern research has demonstrated 
that the structure of the atom is likewise very complex. It has 
been shown that every atom contains a considerable number of a 
third and lower order of distinct particles called electrons or 
corpuscles. These particles seem to be nothing but free charges 
of negative electricity. They are all exactly alike, regardless of 
what atom they may come from, and each constitutes the small- 
est quantity of electricity capable of existence. In other words 
electricity, like matter, is atomic in structure and the electron is 
the "atom" of electricity. The mass (in the usual sense of this 
term) of an electron is not known, but some recent experiments 
by Tolman* indicate that it must be less,® and probably consid- 
erably less, than t^tt of the mass of the hydrogen atom, the 
lightest of all the atoms. The electromagnetic mass of an electron 
is known to be only rgW as large as the mass of the hydrogen 
atom. The electron is thus the smallest particle of which we 
have any knowledge. 

(/) Radioactivity.^ — In addition to these electrons, which seem 
to be part of the composition of every atom, there are also oth^ 
components about which very little is known with certainty at 
present. All of these components are held together by the intra- 
atomic forces to form the complex individual system which we 
call the atom. The atoms of most elements are exceedingly 
stable and practically indestructible systems, but in some 
instances, especially in the case of the larger and hence probably 
more complex atoms such as those of the elements radium, 
uranium and thorium, the atomic systems, from time to time, 
reach a condition of instability which results in a complete break- 

• Richard Chase Tolman (1881- ). Assistant Professor of Chemistry 
the University of California. 
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ing up of the atom. The various components of the original 
atom then rearrange themselves into new atomic systems, that 
is, new elements are produced. This atomic disint^ration may 
be accompanied by the violent expulsion of a stream of electrons 
known as j8-rays or it may be accompanied by the expulsion of a 
stream of helium atoms each carrying two unit charges of 
positive electricity and known as a-particles. Such disint^ra- 
tions are known as radioactive changes and are evidently quite 
distinct from chemical reactionsy which involve the interaction 
of two or more atoms or molecules. All radioactive disintegra- 
tions, thus far known, are perfectly spontaneous and appear to be 
unaffected by any external influence which can be brought to 
bear upon them. They seem to be entirely determined by con- 
ditions within the core of the atom. Within recent years 
attempts to bring about a decomposition of certain atoms, by 
subjecting them to powerful electric discharges or to a bombard- 
ment by the rays given out by radium, seem to have met with 
some measure of success and it may eventually prove possible to 
break up artificially some of the elements into the simpler constit- 
uents of which their atoms are composed. There is certainly 
nothing in our present knowledge of the elements to justify the 
view that such a decomposition is impossible although it will 
undoubtedly be very difficult and will require the use of agencies 
which twenty years ago were entirely unknown to science. 

(g) Structure of the Atom. — In addition to the violent expul- 
sion of electrons which is characteristic of the jS-ray disintegration 
in the case of radioactive elements, the atoms of all elements are 
able to lose temporarily or under certain special conditions a 
limited number of electrons without breaking up or becoming in 
any way unstable. In describing some of the various circum- 
stances under which this has been observed to occur we will at 
the same time interpret the known facts in terms of an hypothesis 
suggested by Sir J. J. Thomson.** Regardless of whether this 
hypothesis is true or not it has the advantage possessed by all 
good hypotheses of serving to correlate and systematize the data 

• Joseph John Thomson, Kt., O. M., F. R. S. (1856- ), Cavendish 
Professor of Experimental Physics at the University of Cambridge and 
Professor of Natural Philosophy at the Royal Institution, London. He is 
performing wonders in revealing the inner nature of the atom. 
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of experiment and to suggest new directions of investigation. 
According to the views^® of Sir J. J. Thomson the atom is composed 
of a core of positive electricity containing a large number of 
electrons which are very firmly held. In addition to these central 
electrons there are a smaller number near the surface or outer 
shell of the atom which are very mobile and are not so firmly held. 
These are called valence electrons and their niunber determines 
the atom's maximum valency. 

When one atom imites with another to form a molecule, the 
two atoms are supposed to be held together by an electrical 
attraction due either to the passage of one or more valence 
electrons from one atom to the other, thereby producing a polar- 
ized molecule with one atom charged positively and the other 
negatively; or due to the movements of valence electrons to or 
about certain positions in their own atoms, such that there is 
a resulting electrical attraction between the two atoms although 
they both remain electrically neutral since neither has gained or 
lost any electricity. The molecule of hydrochloric acid is, accord- 
ing to Sir J. J. Thomson's hypothesis, an example of a polarized 
molecule formed by the first method. Whether this hypothesis 
of the formation of the hydrochloric acid molecule be correct or 
not, we know that when the hydrochloric acid is dissolved in 
water its molecule splits up in such a way that one of the valence 
electrons of the hydrogen atom remains attached to the chlorine 
atom, which is therefore negatively charged, while the hydrogen 
atom which has lost the electron becomes thereby positively 
charged. Any free atom or molecule which carries a charge of 
electricity is called an ion and the process of the production of 
ions is known as ionization. In the case cited, the ionization 
of the hydrochloric acid when dissolved in water is spontaneous 
and is known as electrol3rtic ionization or electroljrtic dissociation. 
Any substance which ionizes in this manner, that is, by solution 
in a suitable solvent, is called an electrol3rte. Another type of 
ionization occurs when a gas is subjected to the action of the radi- 
ations given ofif by radium or to the action of cathode rays or 
various other similar agencies. The rapidly moving a- and jS- 
particles when they collide with the atoms of the gas cause them 
to lose temporarily one or more of their electrons and thus to 
become ions. Again, when ultraviolet light is allowed to fall 
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upon a metal it causes the metal to emit electrons and thus 
to acquire a positive charge. Furthermore, the electrical be- 
havior of metals indicates that some of the electrons are able to 
move about from atom to atom within the body of the metal with 
comparative ease so that when an electromotive force is applied 
to the ends of a piece of metal a stream of these electrons through 
the metal is immediately set up. These moving electrons con- 
stitute the electric current in the metal. 

Qi) Molecular Motion. — The molecules of every substance, 
the atoms within the molecules and the electrons within the atoms 
are in constant motion. The heat content of any body consists 
of the kinetic and potential energy possessed by its moving 
molecules and atoms. The motion of the electrons gives rise 
to radiant energy, including light, radiant heat and Rontgen 
rays. 

3. Hypothesis, Theory, Law and Principle.' — In the preceding 
section the value and purpose of hypothesis was illustrated in 
connection with the discussion of the structure of the atom. The 
terms hypothesis and theory are frequently used more or less 
synonymously but the latter term is more properly employed to 
designate a system which includes perhaps several related hy- 
potheses together with all the logical consequences to which they 
lead, the whole serving to correlate and interpret the data of 
experiment in some particular field of knowledge. Thus the 
hypothesis that gases are composed of a large number of very 
small particles, together with certain auxiliary hypotheses 
r^arding the shape, motion and energy of these particles and the 
forces acting between them, leads to a logical system by means of 
which we can interpret successfully (t.6., "explain") the known 
facts concerning the behavior of gases. This system is called the 
kinetic theory of gases. As to the basic hypothesis that gases 
are composed of these individual particles or molecules, it has 
already been stated (I, 1) that the evidence supporting it has 
recently become so convincing that the scientific world no longer 
entertains a reasonable doubt of the correctness of the hypothe- 
sis. When such a condition is reached the hypothesis is consid- 
ered as definitely established and is called a fact. There is evi- 
dently no sharp line of distinction between hypothesis and fact. 
It is simply a question of d^ree of probability. When the degree 
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of probability of the correctness of a hypothesis becomes suffi- 
ciently high it may be regarded as a fact. 

The term law of nature is applied to a relation, the evidence in 
support of which is so strong as to compel a general belief in its 
validity. If the relation is a very general one supported by a large 
and varied experience so that the chance of its ever being found 
invalid is extremely small it may be called a principle. 

4. The Principle of the Conservation of Matter. — This princi- 
ple states that matter can neither be created nor destroyed. 
The total amount of matter in the universe remains constant 
The most exact experimental test of this principle /or a particular 
process was made in 1908, by Landolt,* who showed, in the case 
of ISf different chemical reactions, that the quantity of matter 
(as measured by its weight) before and after the occurrence of 
the reaction was in every case constant to within one part in a 
million, which was the limit of accuracy of the experiments. 
The whole experience of scientists since the birth of experi- 
mental science has never yielded a single instance of an ex- 
ception to this principle and its validity cannot be reasonably 
doubted. 

6. The Law of Combining Weights. — If rix atoms, each of 
mass, ttia, of the element A are imited with n^ atoms each of 
mass, Wb, of the element B to form the molecule of a compound 
and if in any given quantity, M, of this compound there are^' 
molecules, then the total mass of the element A in the M grams of 
the compound will evidently be nxXinxXn\ that of the ele- 
ment B will be n^Xm^Xn' and the ratio of the two masses will 

, UAXmAXn' tiaXwa q. u u • i i • 

be — — r^—, or — — . Smce by chemical analysis or 

synthesis the ratio of the masses of any two elements in a chemical 
compound can be very accurately determined, we can in this way 

ascertain very exactly the numerical value of the ratio, ——ztz:-> 

which is called the combining weight ratio for the two elements, 
A and B, in this compound. If' we arbitrarily agree upon some 
number to represent the combining weight, WaXwa, of the ele- 

• Hans Landolt (1831-1910), Professor of Chemistry in the University 
of BerUn and founder of the Landolt-Bdmstein, Physikalisch-Chemische 
Tabellen. 
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ment A in the above compound, then a value for the combining 
weight, wbXwb, of the element B can evidently be readily 
calculated. Then by determining the combining weight ratio 
for a compound of a third element C with either A or B a value 
for the combining weight of this third element can also be calcu- 
lated. Proceeding in this way we can build up a table of com- 
bining weights of all the elements capable of forming compounds 
and since, with the exception of the complicated molecules of 
certain organic compounds, the number of atoms {n^y n^, etc.) 
in any molecule is comparatively small, it is evident that the com- 
bining weights thus obtained will express accurately the relative 
masses of the elements which enter into chemical combination 
with one another in all chemical reactions. In a similar way we 
can show that the masses of any two pure chemical substances 
whether elements or compounds, which take part together in 
any chemical reaction must stand to each other in the ratio of 
small whole numbers, this ratio being their combining weight 
ratio for the chemical reaction in question. 

If we arbitrarily adopt the number 8 as the combining weight of 
oxygen, then the combining weight of any other substance may be 
defined as that weight (in grams) of it which combines with 8 
grams of oxygen; or, if the substance does not combine with 
oxygen, then that weight of it which combines or reacts with one 
combining weight of any other substance will be its combining 
weight. With this definition of the term, combining weight, we 
may state the Law of Combining Weights in the following terms: 
^Pure chemical substances react with one another only in the 
proportions of their combining weights. If an element forms 
several compounds with oxygen it may have several combining 
weights. Thus in the following compounds, N2O, NO, N2O3, 
NO2, and N2O6, the number of grams of nitrogen combined 
with 8 grams of oxygen is 14, 7, 4f , 3i, and 2| grams respectively. 
Of these numbers we may, if we wish, choose any one and call it 
the combining weight of nitrogen. Thus if we choose the num- 
ber 7, then the other niunbers are respectively 2, f , \ and f times 
the combining weight of nitrogen, as is required by the law of 
combining weights. 

This law which we have here shown to be a neceea 
of the atomic and molecular stmicture of matter w> 
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by Richter* before the atomic theory was proposed by Dalton in 
1808. In fact in the case of most of the laws and principles which 
in the following pages we shall show to be direct consequences of 
the atomic and molecular structure of matter, the law or principle 
in question was discovered empirically before the structure of 
matter was known and in some instances even before the modem 
atomic and molecular theories had been proposed. One of the 
triumphs of these theories was their ability to interpret all of 
these empirical laws from a single point of view. 

Problem 1. — The following problem will illustrate the degree of accuracy 
with which the law of combining weights has been established: The follow- 
ing two sets of combining weight ratios have been determined by chemical 
analysis and synthesis: 

(a) (b) 

^=0.849917 ?g^^* =2.5097 

%^ = 0.646230 4?S! = 3.3809 



IjO, --"'"^^ LiCl 

Ag 



=2.5446 



LiCl 

Calculate from each set of data a value for the combining weight of silver, 
taking 16 as the combining weight of oxygen. (Cf. Sec. 7 below). 

6. Atomic Weights. — It is evident from the preceding that if 
the weight of a single atom of any element is known, then the 
weight of an atom of any other element which combines with 
this one can be calculated, provided the number of atoms of each 
element in the molecule of the compound is known and provided 
the combining weight ratio of the two elements in this compound 
has been determined. For example, the weight of an atom of oxy- 
gen is known to be 26.39 XIO"^* grams. The molecule of water 
is known to consist of two atoms of hydrogen combined with one 

of oxygen and the combining weight ratio, , has been 

found by chemical synthesis to be 0.12594. We have, therefore, 

1 y 26 39 V 1Q~^^ ^ ^' 12594 and hence mn, the weight of an atom 

of hydrogen, must be 16.8 X 10""^^ grams. Proceeding in this way 
we could compute a table of the weights of the atoms of all 

• Jeremias Benjamin Richter (1762-1807). Chemist at the Berlin 
Porcelain Factory and Assessor for the Prussian Bureau of Mines. He 
determined the first set of equivalent weights for the metals. 
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elements capable of forming compounds. The practical objec- 
tion to such a table is that while the relative weights of the atoms 
can be very accurately determined (to 0.01 per cent, in many 
cases) by chemical analysis and synthesis, the actual weight of 
any atom has not yet been determined to better than 0.2 per 
cent, and consequently all the values of such a table would be 
subject to frequent revision as our knowledge of the weight of 
the atom of some element became more exact. This objection 
can be avoided by arbitrarily adopting any desired number as the 
atomic weight of some one element and then computing the 
relative atomic weights of the others from their experimentally 
determined combining weights and a knowledge of the formula 
of the compound in question. Chemists have agreed to adopt 
the number 16 as the atomic weight of the element, oxygen, and 
as the basis of the atomic weight table. ^ In order to compute 
the actual weight of any atom from the atomic weight of the 
element it is only necessary to divide the latter number by 

1 ft 
26.39X10-24 =60.62X10", 

the number of atoms in one atomic weight of any element. This 
quantity is one of the universal constants of nature and is known 
as Avogadro's number. We shall represent it by the symbol, N. 
We have seen that if an element forms several compounds with 
oxygen it may have several combining weights. One of these 
combining weights or some submultiple of one of them will also 
be the atomic weight. It must evidently be that one which 

^ The modem atomic weight table was formerlj" based upon the value 
unity which was arbitrarily taken as the atomic weight of hydrogen. On 
this basis the atomic weight of oxygen was found to be slightly less than 16. 
The atomic weights of many of the other elements were based upon combin- 
ing weight ratios which involved either directly or indirectly a knowledge 
of the atomic weight of oxygen and this in turn was based upon the experi- 
mentally determined value of the combining weight ratio of oxygen to hydro- 
gen. The result was that whenever new determinations resulted in a 
change or a more accurate knowledge of this latter ratio, it became necessary 
to recalculate a large part of the atomic weight table. In order to avoid 
this it was decided to arbitrarily adopt 16 as the atomic weight of oxygen 
and to employ the combining weight ratio of oxygen to hydrogen simply 
to determine the atomic weight of hydrogen. The atomic weights of the 
other elements are thus not affected by changes in the value of this ratio. 
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expressed in grams contains the same number of atoms as 16 
grams of oxygen. Methods for deciding which of several com- 
bining weights is the atomic weight of an element will be discussed 
later (II, 12). 

The International Committee on Atomic Weights computes 
each year a table of atomic weights based upon the most reliable 
determinations. This table is published each year in all of the 
leading chemical journals of the world. The International 
Atomic Weight Table for 1915 is given on the opposite page. 

7. Chemical Formulas, Formula Weights, Equivalent Weights 
and Molecular Weights. — The formula of any pure chemical 
substance is a succession of the symbols of the elements it con- 
tains, each symbol being provided with such integers as subscripts 
as will make the resulting formula express the atomic proportions 
of the elements in the compoimd. In addition the symbol of 
each element represents one atomic weight in grams of that 
element and the whole formula represents a weight in grams of 
the substance which is equal to the sum of all the atomic weights 
each multiplied by its subscript. This weight is called the gram- 
formula weight of the substance. Thus the formula, HNOj, 
denotes 1.008+14.01+3X16 = 63.02 grams of nitric acid and 
the formula, JAS2O3, represents K2X74.96+3X 16) = 98.96 
grams of arsenic trioxide. That weight in grams of any substance 
which reacts chemically with one gram-atomic weight of 
hydrogen, or with that amount of any other substance which 
itself reacts with one gram-atomic weight of hydrogen, is called 
the equivalent weight or one equivalent of the substance. Thus> 
the equivalent weight of each of the following substances is 
the gram-formula weight indicated: JCI2, i02, Ag, JZn, JBi, 
JBa(0H)2, iH2S04, JH3PO4, iAlCls, iK4Fe(CN)6. The same 
substance may have more than one equivalent weight depend- 
ing on whether the reaction with hydrogen is one of metathesis 
or of oxidation and reduction. Thus the metathetical equiva- 
lent of ferric chloride is \ FeCls, but its oxidation equivalent 
(when reduced ferrous chloride) is FeCU and the metathetical 
equivalent of potassium chlorate is KCIO3 while its oxidation 
equivalent (when reduced to KCl) is JKCIO3. 

The molecular formula of a substance is the formula which 
expresses the atomic composition of the molecule and the molecu- 
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Table I. — International Atomic Weights, 1915 



Symbol 



Atomic 
weight 



Symbol 



Atomic 
weight 



Aluminum. 
Antimony. 
Argon. . . . . 
Arsenic. . . . 
Barium 



Riamnth 



Al. 
Sb. 
A.. 
As. 
Bs. 



27.1 

120.2 

39.88 

74.96 

137.37 
ons n 



Molybdenum 

Neodymium 

Neon 

Nickel 

Niton (radium emanation) 



Mo. 
Nd. 

Ne. 
Ni.. 
Nt. 



XT 



96.0 

144.3 

20.2 

58.68 

222.4 



Iron...'... . 
Krypton. . . 
^^nthimnn 

Lead 

Lithium. . . , 
Lvteeiom. . 
Magnedum 
ManganeM, 
_Marenry. . . 



Fe ! 55.84 



Kr. 

La.. 

Pb. 

Li.. 

Lu. 

Mg. 

Mn. 

Hg. 



82.92 
139.0 
207.10 
6.94 
174.0 
24.32 
54.93 
200.6 



Tungsten 

Uranium 

Vanadium 

Xenon 

Ytterbium (Neoytterbium) 

Yttrium 

Zinc 

Zirconium 




184.0 

238.5 

51.0 

130.2 

173.0 

89.0 

65.37 

90.6 



lar wdght (more properly, the gram-molecular weight or the 
molal wei^t) is the weight in grams indicated by the molecular 
foraiula. Thus the molecular formula of gaseous hydrogen, 
whose molecules are diatomic, is H2 and its gram-molecular weight 
is 2X1.008=: 2.016 grams. The molecular formulas of some of 
the other elements in the gaseous state are as follows: N2, Fe, 
Clj, Brj, Ii, P4, As4, He, A, Hg, Cd, Zn. The molecular weight 



16 PRINCIPLES OF PHYSICAL CHEMISTRY [Chap. I 

evidently bears the same relation to the weight of the molecule 
that the atomic weight does to the weight of the atom, that is, 
the former is in each instance N-times the latter. One gram 
molecular weight of a substance is frequently called one mole. 

8. States of Aggregation and Phases;. — Matter occurs in differ- 
ent states or conditions known as states of aggregation. The 
three principal states of aggr^ation are the gaseous state, the 
liquid state and the crystalline state. A body is said to be 
isotropic when it displays the same physical properties in all 
directions through it. All gases, most liquids, and the so-called 
amorphous solids are isotropic. Anisotropic bodies display 
different physical properties in different directions. They c(Hn- 
prise nearly all crystalline substances. Another distinction 
between these two classes appears when we consider the passage 
of a substance from one state of aggregation to another. The 
passage from one isotropic state to another may be either con- 
tinuous or discontinuous while the passage from the anisotropic 
to the isotropic state, or vice versa, has thus far been foimd to be 
always a discontinuous process. 

Any portion of the universe which we choose to separate in 
thought from the rest of the universe for the purpose of consider- 
ing and discussing the various changes which may occur within 
it under various conditions is called a system and the rest of the 
universe becomes for the time being the surroundings of the 
system. Thus, if we wish to consider the changes which occur 
when salt and water are brought together imder various condi- 
tions of temperature, pressure, etc., then the two substances 
salt and water constitute our system and they are called the 
components of the system. The physically homogeneous but 
mechanically separable portions of a system are called its phases. 
Thus a system containing crystals of benzene, liquid benzene^ 
and benzene vapor contains three phases, one crystalline phase, 
one liquid phase and one gaseous phase. If we add salt to thiB 
system we may have four phases, i.e., two crystalline phases 
(usually called solid phases), namely, the salt crystals and the 
benzene crystals, one liquid phase composed of a solution of sttt . 
in benzene and one gaseous phase composed chiefly of benxeBi i 
vapor. Each phase is distinguishable from the others by betaf I 
separated from them by definite and sharp boimding sutEmsiI 
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and by being itself homogeneous throughout its own interior. 
By homogeneous is meant of imiform chemical composition 
throughout and having the same physical properties in all re- 
gions within itself. A system composed of only one phase is, 
therefore, a homogeneous system, while one composed of more 
than one phase is called a heterogeneous system. The dis- 
tinction between phase and state of aggregation should be clearly 
understood. A system composed of liquid water and liquid 
mercury has two phases but only one state of aggregation, the 
liquid state. Since all gases are miscible with one another in 
all proportions there can never be more than one gaseous phase 
in any system. There may, however, be several crystalline 
and several liquid phases present, if the system contains a suffi- 
cient number of components. The condition, Z, of any phase of 
a system which has reached a state of equilibrium is ordinarily 
completely determined if its pressure, p, temperature, T, and 
composition, C, are fixed, or in mathematical language, 

Z = f (p, T, C) (1) 

For every heterogeneous system which has reached a state of 
equilibrium under a given set of conditions, there exists a rela- 
tion, known as the Phase Rule, which connects the number (p) 
of phases present in the system, with the number (c) of its com- 
ponents and with the number (f) of variables (temperature, 
pressure and percentage composition of the phases) whose values 
must be known before the condition of the system becomes com- 
pletely determined. This relation is expressed by the equation 

p + F = c + 2 (2) 

By c, the number of components, is meant the smallest number 
of substances by which the percentage composition of each phase 
in the system can be expressed. The derivation of the Phase 
Rule and a more precise definition of the quantities involved 
in it will be given in a later chapter. 

9. Chemical Equilibrium. — When a system contains molecular 
species which are reacting chemically with one another to produce 
other molecular species which in turn are similarly constantly 
reacting with one another to reproduce the first ones again, so 
that the rates of reaction in the two directions are equal and hence 
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the relative amounts of the different molecular species concerned 
remain constant, a chemical equilibrium is said to exist within 
the system. The general method for representing a chemical 
equilibrium will be by means of the following equation: 

aA+6B+ . . . ;:± wM+nN+ . . i . (3) 

which represents a reaction in which a molecules of the substance 
A, react with 6 molecules of the substance, B, etc., to form m 
molecules of the substance, M, and n molecules of the substance, 
N, etc., and vice versa, 
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CHAPTER II 
THE GASEOUS STATE OF AGGREGATION^ 

1. Definition and Structure of a Gas. — A substance is in the 
gaseous state, if it remains homogeneous and its volume increases 
without limit when the pressure upon it is continuously decreased 
and its temperature is kept constant. In gases under low pres- 
sures the molecules are so far apart and occupy such a small frac- 
tion of the total volume of the containing vessel that they are 
nearly independent of one another. They are in constant and 
very rapid motion in all directions, moving in nearly straight 
lines and colliding frequently with one another and with the walls 
of the containing vessel. They, therefore, describe zig-zag paths 
of such complicated and uncertain characters owing to the nu- 
merous collisions which they experience, that it is not possible to 
predict where a given molecule will be after an interval of time. 
Motion of this character is called unordered or random motion. 
The collisions between the molecules of a given gas will evidently 
be more frequent the greater the number of molecules in a given 
volume of the gas, that is, the greater the density of the gas. The 
average distance through which a molecule travels between two 
successive collisions is called the mean free path of the molecule. 
The collisions between molecules and between a molecule and the 
wall of the containing vessel take place without loss of energy, 
that is, they are perfectly elastic collisions. The mean kinetic 
energy, ^ niu% of the molecules of a perfect gas has been shown 
experimentally to depend only upon the temperature and to be 
independent of the nature of tiie gas. (IX, 4) 

2. Boj^'s Law. — The pressure (i.e., the force per unit surface) 
exerted by a gas upon the walls of the containing vessel is due 
to the impacts of the rapidly moving molecules and since by 
definition 

19 
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where t signifies time, this pressure will be determined by the 
time rate of change of momentum, mUj which the molecules 
experience on striking the walls. 

In order to calculate this pressure we may assume that the 
molecules (which in reality are constantly changing their actual 
velocities after each impact) are all moving with the same veloc- 
ity, Uy whose square is equal to the mean of the squares of the 
actual velocities. In other words, the velocity, u^ has such a 
value that if all the molecules possessed it, the mean molecular 
kinetic energy ^mu^, would be unchanged. It is evident that 
the pressure would also be unchanged. This assumption is 
made for the purpose of simplifying our calculation which may, 
however, be carried through to the same conclusion without 
making this simplifying assumption. Since the pressure exerted 
by the gas is evidently independent of the shape of the vessel 
containing it, we shall assume for convenience that it is con- 
tained in a cube of side, Z, and we shall consider the three com- 
ponents of the velocity, u, which are respectively perpendicular 
to the faces of the cube and are, therefore, connected with the. 
velocity, u, by the relation, 

A molecule of mass, m, approaches face, 1, with the momen- 
tum, mui, perpendicular to this face and after the impact 
it recedes from it with the momentum, — mui, the change in 
momentum being, therefore, 2mui. The number of impacts in 

unit time will evidently be ^i and the total change of momen- 
tum per unit time will be the product of the number of impacts 
into the change of momentum per impact, or 2muiX^ = — p-. 
Similarly in the other two directions the total change in momen- 
tum on each face will be — j— and — j— respectively, and the 

total effect of this molecule upon all six walls of the cube will 
therefore be 

If there are n molecules of gas in the cube, the total force exerted 
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by the gas upon all the walls of the cube will be — ^i — and the 
force per unit area or the pressure will be 

p = — J — "^^^ "sF'^-StT or2W = inmii2 (4) 

where v is the volume in which the molecules are free to move, 
here assumed equal to the volume of the cube. 

Since at constant temperature the mean kinetic energy and 
hence mu^ is a constant (II, 1) it follows from equation (4) that 

pv = const. (5) 

for a given mass of any gas in which n does not change with p. 
This is Boyle's or Mariotte's Law. It was discovered empirically 
by Robert Boyle« in 1662 and by Mariotte* in 1679. 

3. Gay Lussac's Law of Temperature Effect.— Equation (4) 
may be written 

pv = ^n {^mu^) (6) 

and since the mean kinetic energies of the molecules of all gases 
are identical at the same temperature, it follows that the rate 
of change of the kinetic energy with the temperature must also 
be the same for all gases, for otherwise if the mean kinetic energies 
of several gases were all equal at one temperature, they could 
not be so at another. In mathematical language this statement 
is expressed thus, 

— c\fi^ ^^'^^^' \^^^ ^^^ gases) (7) 

where B is the temperature. Differentiating equation (6) above 
we obtain v 

"dT = ^^ ("~lH + ^(^^^ ^ \^) (^^ 

• Robert Boyle (1627-1691). Seventh son and fourteenth child of 
Richard Boyle, first Earl of Cork. Educated at Eton and on the Continent. 
Settled in Oxford where he erected a laboratory. One of the founders of the 
Royal Society of London. A man of insatiable curiosity concerning all 
kinds of natural phenomena. 

* Edme Mariotte (1620-1684). The father of experimental physics in 
France. His treatise on The Flow of Water and Other Liquids appeared in 
1686. His collected works were published in Ley den in 1717 and at the 
Hague in 1740. He was one of the earliest members of the French Academy 

.61 ScienoeB. 
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Combining this with equation (7) we have 

A(vv) dn , ^ 

T^ —nXconsl.+const.X-T^ (9) 

If n is a constant with respect to variations in 6, this relation 
becomes 

^^^amsL^k (10) 

where A: is a constant independent of the nature of the gas and 
dependent only on the initial value of the pressure volume 
product. This result may be stated in words as follows: The 
temperature rate of change of the pressure-volume product 
is the same for all gases whose molecular complexity does 
not change with the temperature. This law was discovered 
empirically by Gay Lussac* in 1802. It may be expressed more 
elegantly and concisely by the differential equation 

of which equation (10) is the first integral. 
4. The Law of Avogadro. — Equation (6) may be written 

from which it follows that if p, v, and Jmu*, and hence also B 
are all constants, n is likewise a constant and has the same value 
for all gases; or in other words that equal volumes of all gases 
at the same temperature and pressure contain the same number 
of molecules. This statement, advanced as a hypothesis in 
1811 by the Italian physicist Avogadro,* is of great importance 
in the determination of the molecular weights of gases. The 

* Louis Joseph Gay-Lussac (1778-1850). Studied in the Ecole Poly- 
technique at Paris under Berthollet and Laplace in 1797. His papers on 
the properties of gases appeared 1801-1808. He was the discoverer of 
cyanogen and the inventor of many accurate methods of chemical analysis. 

* Amedeo Avogadro (1776-1856). Studied law and became a practudng 
lawyer. In 1800 began the study of mathematics and became Professor 
of Physics at Vercelli and later at Turin. Avogadro's hypothesis althou^ 
published in 1811 began to find acceptance among chemists only after I860, 
and as late as 1885, French chemists still refused to accept it as the logioftl 
basis for determining molecular formulas. 
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molecule of oxygen is known to have the formula O2 and hence 
the molecular weight, 2X16=32. Avogadro's number, the 
number of molecules in 32 grams of oxygen, is N = 60.62X10** 
as stated in the first chapter. According to Avogadro's law 
this is also evidently the number of molecules in one gram- 
molecular weight of any gas and the gram-molecular weight of any 
gas must, therefore, be, according to Avogadro's law, that mass 
in grams of the gas which occupies the same volume as do 32 
grams of oxygen at the same temperature and pressure. 

If in equation 10 of the preceding section we agree always to 
take one gram-molecular weight of a gas, then by Avogadro's law 
we have for every gas 

d{pvo) 



de 



= R (13) 



where vo is the volume of one mole of the gas and R 
is a constant whose value is the same for all gases. The 
product, pvo, has the dimensions of force X distance and hence 
of work or energy. (Problem: Demonstrate this.) It repre- 
sents the work required to produce the volume, vq, against the 
constant pressure, p, and may be called the molal volume 
energy of the gas and the significance of equation (13) may be 
expressed in the following words : The temperature rate of change 
of the molal volume energy has the same value for all pure 
gases. 

6. Definition of the Centigrade Degree and of Absolute Tem- 
perature.t — The centigrade degree is arbitrarily defined as xiir 
part of the temperature interval between the temperature of 
ice, melting under the pressure of one atmosphere, and the tem- 
perature of the vapor of water, boiling under the pressure of 
one atmosphere. The size of this degree will depend somewhat 
upon the nature of the material composing the thermometer 
employed in measuring 'this temperature interval. Thus on 
the international hydrogen scale the centigrade degree is defined 
as that difference m temperature which produces in the pressure 
of a quantity of hydrogen gas tJt^ part of the change in pressure 
which is produced when the volume of the gas is kept constant 
and its temperature is changed from that of ice melting under a 
pressure of one atmosphere to that of the vapor of water boiling 
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under a pressure of one atmosphere, it being further stipulated 
that the hydrogen shall be under a pressure of 1 meter of mercury 
when it is at the temperature of melting ice. If nitrogen be 
employed instead of hydrogen, the centigrade degree defined in 
a similar manner is almost identical with that of the hydrogen 
scale and as the initial pressure of the gas employed is decreased, 
the size of the degree as defined above reaches a limiting value 
which is entirely independent of the nature of the gas employed 
in the thermometer. This degree defines a temperature scale 
known as the Kelvin ** or Thermodynamic Scale and may be re- 
garded as the degree given by a thermometer filled with a perfect 
gas (II, 7 and 9) . The degree on the Kelvin scale differs from that 
on the international hydrogen scale by less than 0.1 per cent, 
so that in nearly all cases the two scales may be regarded as iden- 
tical for practical purposes. Strictly, however, we shall under- 
stand in what follows, that the centigrade degree is that defined 
by the Kelvin scale. 

Equation (10) may be written, d{pv) =kdd and on integration 
gives 

pv = kd+kk' = k{d+k') (14) 

where kk' is the integration constant. In other words this equa- 
tion implies that the pressure-volume product of a given mass of 
gas is proportional to the temperature-plus-a-constant, k\ The 
numerical value of this constant depends upon the size of the 
degree on our temperature scale. If we adopt the centigrade 
degree as defined above, then we find by experiment with dif- 
ferent gases that the constant A;' has the value 273.1 centigrade 
degrees. Equation (14) may, therefore, be written 

pv = k{t+27S.l) (15) 

and the symbol, t, will henceforth be understood to signify tem- 
perature on the centigrade scale. 

« William Thomson, Lord Kelvin (1824-1907). Studied at the Univer- 
sities of Glasgow (1834) and Cambridge (1841). Professor of Natural 
Philosophy at Glasgow, 1846. Laid the first Atlantic cables (1857). 
Knighted in 1866 and created Baron Kelvin of Largs, 1892. Buried in 
Westminster Abbey. 
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The quantity, ^+273.1, is called the absolute temperature 
and is represented by the letter T. The absolute scale evidently 
differs from the centigrade scale only in having its zero point 
273.1** below the centigrade zero. Equation (15) may now be 
written 

pv = kT (16) 

or in words, the pressure volume product of a given mass of 
any gas is proportional to its absolute temperature. If we 
differentiate this equation with respect to T and divide the 
result by the original equation, we have 

_1_ d(ptO__i_ ,--. 

pv dT " T ^^'^ 

or stated in words, the pressure volume product (or the pressure 
at constant volume or the volume at constant pressure) of any 
gas increases by one Tth part of itself for each rise of one degree 
in its temperature, T being the initial absolute temperature of 
the gas; or, since p, v and T in the above equation may have 
any values, this equation also states that the increase in the 
pressure-volume product of a given mass of any gas per degree 
rise in temperature is equal to 2781 ^f ^^ value at 0° C. 
These statements comprise what is frequently referred to as the 
law of Charles.* 

All of these statements are evidently much more elegantly 
and concisely expressed by equation (11) from which we have 
deduced them. In fact one of the great advantages of the 
language of the mathematician is the clear, concise, complete 
and exact character of its statements. The simple statement 
that 

^^^' = (18) 

conveys to the mind of the mathematician nearly everything 
which we have employed three pages in explaining. Because 
of these manifest advantages of the language and methods of 

"Jacques Alexandre C^sar Charles (1746-1823). French mathematician 
and physicist, Professor of Physics at the Conservatoire des Arts et Metiers. 
He was the first to employ hydrogen for the inflation of ballons. In 1787 
he anticipated Gay Lussac's law of the expansion of gases. 
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the mathematician we shall use them freely throughout this 
book at the same time translating them, wherever desirable, 
into more familiar forms of statement. It is hoped that this 
dual method of treatment will aid the student in gaining a clearer 
innight into the general laws and principles of his science as well 
M giving him a better appreciation of the value of higher mathe- 
matics to the chemist than he may perhaps have obtained m 
hiM college courses in mathematics. 

6. Dalton's Law of Partial Pressures. — In a mixture of gases 
wo have more than one species of molecule and the total pressure 
oxort<!(l by the mixture upon the walls of the containing vessd 
inay ho (considered as the sum of all the separate partial pressures 
duo to the impacts of the molecules of the different gases. That is 

P = Pa+Pb+Pc+ (19) 

Hy omploying the same method of reasoning used in section 2 
^f»ovo wo can readily show that these partial pressures are eaish 
oKproMHod by an equation of the same form as equation (4), thus 

Pav = WmAW^A (20) 

Pb^ = inB^B u% (21) 

Pc^^incfmcfu^Cy etc., ^ (22) 

ut MUUtd in words: In a mixture of gases each gas exerts the 
Mm^ premiure as it would exert if it were alone present in the 
¥Ulum» occupied by the mixture. This statement is known as 
Ui$lU$n'» Law of Partial Pressures. 

^fhMttm 1* -Hhow that the partial pressure, pxt of any constituent A 
/«f # HMtunm (uixtiire is given by the relation 

PA=-P (23) 

//h#f^^ /^ M tha li umber of molecules of A and n is the total number of ftU 
t„»ti*^*>iUi*i if! utit^ni, V heing the total pressure of the mixture. Show also that 

f^r^/^^*^M^^^f*<^t^<^i^t ' must also be equal to the number of gram iDfy 

y^^\M i^^Mi^'^ **^ ^he constituent, A, divided by the sum of thenumbersof 
«^ f4tfAmnUir M^eight« of all the gases present in the mixture. 



^ts. 
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This latter ratio is called the mole-fraction of the constituent 
in question and is represented by the letter, x. Equation (23) 
may, therefore, be written, 

Pa=XaP (24) 

and similarly for another constituent of the mixture 

PB = iCBP (25) 

and so on for each gas present in the mixture. Stated in words: 
The partial pressure of any gas in a mixture is equal to its mole- 
fraction in the mixture multiplied by the total pressure of the 
mixture. 

If a closed palladium vessel or tube connected with a man- 
ometer be evacuated and then placed in a gaseous mixture at 
high temperature containing hydrogen, the hydrogen will diffuse 
through the palladium wall into the vessel and will register on 
the manometer its partial pressure in the mixture. The palla- 
dium is impermeable to the other gases but easily permeable to 
hydrogen which passes through it, until its partial pressures on 
the two sides of the wall become the same. This device gives 
us a means of demonstrating by direct experiment and of measur- 
ing the partial pressure exerted by the molecules of one gas in 
a mixture of several gases. 

7. The Equation of State of a Perfect Gas. — ^The laws which we 
have just derived, known as the perfect gas laws, may be conveni- 
ently combined into a single expression. To do this we have only 
to modify slightly equation (16) above. The numerical value of 
the proportionality constant, k, of this expression depends both 
upon the mass of gas taken and upon the nature of the gas, but 
if we agree that the mass taken shall always be one gram mo- 
lecular weight (called also one mole) in every instance, then by 

Avogadro's law (II, 4) the value of ^ is the same for all gases, 

that is, 

^=R (26) 

where 22 is a universal constant which is independent of the nature 
of the gas and vo is by our agreement the volume of one gram 
molecular weight or one mole of the gas. It is called the molal 
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volume of the gas. If we wish to extend this equation to apply 
to any quantity of a gas, we have only to multiply both sides by 
N, the number of moles taken, and we have 

pv=NRT (27) 

where v, the total volume occupied by the N moles of gas, is written 
for Nvq. This expression is the equation of state of a perfect 
gas or more briefly the perfect gas law. In this equation p, 9, 
and T denote respectively the pressure, volume and absolute 
temperature of the gas while JV, the number of moles present, is 

evidently equal to — where m is the mass of the gas and M its 

molecular weight. A is a constant, the same for all gases, and 

c^jual to the value of ^ for one mole of any perfect gas. Its 

numerical value obviously depends upon the units in which p 
b expressed. If p is expressed in atmospheres and v in liters, £ 
\ifiH the value 0.08207 Uter-atmospheres per d^ree; if p is ex- 
pressed in dynes per square centimeter and v in cubic centi- 
meters, then R has the value 8.3162 X 10^ ergs or 8.3162 joules per 
ilxfgree; while if pv is expressed in calories, then R has the value 
1*9862 calories per degree. 

8. Temperature and Molecular Kinetic Energy. — It has air 
ready been stated (II, 1) that experiments have shown that the 
mean kinetic energy of the molecules of a perfect gas is dependent 
only upon the temperature. The nature of the dependence can 
\)tt deduced by combining equation (4) with equation (27) so 
as to eliminate py. This gives 

\nmu^=NRT (28) 

or imu2 = | - /i!r=| ^=cr (29) 

*'r>rre N is Avogadro's number and c is evidently a constant 
'^y.^^A in words: The mean kinetic energy of the molecules of a 
ysfififX gas is proportional to the absolute temperature of the gas 

R 

" /: ro proportionality constant is equal to | =• 



^oh^i^^n 2. -From the value of R and the atomic weights required calcu- 
n ^^ /n/>iecular velocity, tx, in miles per second for the foliowing gases: 
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Ha at 0**; Ha at 3000**; Oa at 0**; CeH. at 0**; Hg at 0**. (First eliminate N 
andm from equation (29) by introducing the molecular weight, Af, of the 
gas.) 

9. The Validity of the Perfect Gas Laws. — It will be remem- 
bered that the derivation given above for the perfect gas law is 
based upon equation (4) which was itself derived on the assump- 
tions (1) that the molecules of a gas are so far apart that they 
exert no attraction upon one another; and (2) that the space 
-which they themselves actually occupy is negligibly small in 
comparison with the volume of the containing vessel. No real 
gas exactly fulfills either of these conditions, but it is evident 
that all gases should approach these conditions more closely the 
lower the pressure, that is, the farther apart the molecules become. 
The perfect gas law, therefore, is, strictly speaking, only a limit- 
ing law which may be considered as holding exactly only for an 
imaginary gas, called a perfect gas, but which all real gases should 
obey more and more closely the lower the pressure. Experi- 
ment shows that this is actually the case. The magnitude of 
the divergence of real gases from the requirements of the perfect 
gas law varies with the nature of the gas and its temperature, 
but for pressures not greatly in excess of one atmosphere the 
divergence is small (less than 1 per cent.) for gases at tempera- 
tures far removed from their maximum condensation tempera- 
ture. This is illustrated by the data in the first half of Tables 
II and III. The figures given in the third column are the critical 
temperatures of the gases. The critical temperature, or the 
maximum condensation temperature of a gas, is the highest tem- 
perature at which the gas can be liquefied by increase of pressure. 
At higher pressures and at lower temperatures all gases deviate 
more and more from the requirements of the perfect gas law. 
The behavior of carbon dioxide (^c = 31.35°) toward Boyle's 
law at various temperatures is shown graphically in Figs. 1 and 
2. The way in which the py-product varies with the pressure 
at the temperatures indicated is shown by the curves. Fig. 2 is 
on a larger scale than Fig. 1 . The general behavior of carbon diox- 
ide as indicated by these diagrams is characteristic of all gases. 

Problem 3. — Discuss the relations displayed graphically in Figs. 1 and 2, 
stating in words all the relations represented by these curves. 
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pressure in atmospheres 

Fig. 2. 

Reproduced b]r pemiiflsion of Longmans, Green & Co. 

(From Young's Stoichiometry.) 
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10. The Equations of van der Waals and of Berthelot. (a) The 
Equation of van der Waals. — In order to take into account the 
attractive forces between the molecules of real gases as well as 
the volume which the molecules themselves actually fill and thus 
to obtain an equation of state which would hold more accurately 
than the perfect gas law, especially for gases at high pressures, 
van der Waals* reasoned as follows: Consider a sphere of volume, 
vo, filled with one mole of a gas at the pressure, p, and the tem- 
perature, T. Consider the layer of molecules which at any mo- 
ment are just about to strike the inner surface of the sphere. The 
force of their impacts and therefore the pressure exerted by them 
will be diminished owing to the attractive force exerted by all the 
other molecules of the gas behind them. This force of attrac- 
tion, /, will be proportional to the number of molecules at the 
surface and also proportional to the number in the interior of 
the gas and each of these in turn will be proportional to the 
density of the gas, or inversely proportional to the volume of 
the sphere. The force of attraction will, therefore, be propor- 
tional to the square of the density or inversely proportional to 
the square of the volume, or in mathematical language 

f=aD^ = ~ (30) 

where a is the proportionality constant and / is expressed in 
pressure units. Between the actual pressure, p, exerted by the 
gas molecules and the "perfect gas pressure," pp, that is, the 
pressure which would be exerted if the force of attraction between 
the molecules were absent, there will evidently exist the relation, 

Pp = P+—2 (31) 

Again the actual volume, Vo, of the sphere is not the volume v, 
which the molecules have to move freely about in, but is greater 
than this by an amount, 6, a quantity which is a function* of the 
total volume occupied by the molecules themselves. We have 
therefore, 

Vp=(vo-h) (32) 

* Joannes Diderik van der Waals, Professor of Theoretical Physios tX 
the University of Amsterdam. 
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Now on substikiting this corrected pressure and volume in 
equation (26) derived above , we have 

(p+:^){vo-b)=RT (33) 

which is van der Waals' equation of state for one mole of a gas, 
a and b being constants characteristic of the gas in question. 

Experiments show that the general behavior of gases as dis- 
played graphically by Figs. 1 and 2 is very well expressed mathe- 
matically by the equation of van der Waals. But although the 
equation of van der Waals correctly describes the general be- 
havior of gases (and likewise of liquids) throughout the whole 
range of pressures and temperatures, it fails to represent quantita- 
tively the actual experimental data in many instances. Various 
modifications (over 100 in all) of the equation have been pro- 
posed from time to time by different physicists with the purpose 
of diminishing this objection. The only one of these which we 
shall consider here is that of Daniel Berthelot.** 

(6) Berthelot's Equation. — The characteristic constants, a and 
b, of van der Waals' equation have been f oimd to bear a definite re- 
lation to the critical constants of the gas, from which in fact 
they may be computed. With the aid of this empirical relation 
Berthelot modified the equation of van der Waals by sub- 
stituting in place of a and b their values expressed in terms of 
the critical constants of the gas. The resulting equation after 
an algebraic rearrangement may be expressed as follows: 

P«o = Rt[i+^/~^{i-&^)] (34) 



or 



PV = NRt[i+^1^{i-&^)] (35) 

where pc, the critical pressure, is the pressure required to con- 
dense the gas at its critical temperature, Tc, and the other quan- 
tities have the sigm'ficance previously given to them. The 
numerical constants are empirical ones. It is evident that this 
expression approaches the perfect gas law as p decreases or T 
increases. 

• Daniel Berthelot (1865- ) Professor of Physics in the University of 

Paris. 
3 



34 PRINCIPLES OF PHYSICAL CHEMISTRY [Chap. II 

The equation of Berthelot not only expresses the general be- 
havior of all pure gases thus far investigated but it does so with 
a high degree of accuracy, even for comparatively high pressures 
in some instances. This is well illustrated by problems 4, 5, and 
6, below and also by the data shown in Table II where the values 

of ^^ calculated by means of this equation agree within the ex- 
perimental errors with the values found by direct measurement. 
Even in the case of saturated vapors the results of experiment 
can be fairly well represented by Berthelot's equation, as shown 
by the data in Table III. 

In using the Berthelot equation of state it should be remem- 
bered that it is applicable only to a pure gas, that is, to a gas in 
which at all temperatures and pressures up to the critical tem- 
perature and pressure, there is only one species of molecule. 
Moreover, in deriving his equation Berthelot expUcitly assumes 
that the gas is not at or near its critical temperature and pres- 
sure and the equation is, therefore, only applicable to cases where 
this condition is also fulfilled. In other words the equation must 
not be applied to mixtures of gases, or to partially associated or 
dissociated gases, or to gases in the neighborhood of the critical 
point. Berthelot's equation had found its most important appli- 
cation in the exact determination of molecular and atomic 
weights as will be further explained in a following section. 

Problem 4. — The measured value of -p^ for hydrogen at 0° is 1.006 for 

p = 10 atmospheres and 1.032 for p=50 atmospheres. Compute the values 
by means of Berthelot's equation of state and compare with the measured 
values. (See Table XII for data required.) • 

Problem 6. — Make similar calculations for hydrogen at 100°. The ob- 
served values are 1.005 for 10 atmos. and 1.025 for 50 atmos. 

Problem 6. — Make similar calculations for hydrogen at —104**. The 
observed values are 1.007 at 10 atmos. and 1.039 at 50 atmos. 

Problem 7. — Make a similar calculation for CO2 at 0° and 60 atmos. 
The observed value is 0.098. Note that 0^ and 50 atmospheres a|*e close 
to the critical values for this gas and that Berthelot's equation cannot be 
employed under these conditions as the result of your calculation indicates. 

11. The Boyle Point. — From the observed values of -^^r given 
in Table II it is evident that at 0** the deviation from unity b 
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positive in the case of hydrogen and helium and n^ative in the 
case of all the oth» gases. At lower temperatures, however, the 
deviation becomes negative in the case ot hydrogen also, while 
at higher temperatures the deviation in the case of the othet 
gases changes from negative to positive. In other words, there 
is for each gas a certain temperature, called the Boyle point, at 
which the gas obeys the laws of Boyle and Avogadro exactly. 
Above this temperature the deviation from this law is positive 
while below this temperature it is negative. 

Problem 8. — ^By means of Berthelot's equation of state show that the 
Boyle point, 7*/ , of a gas is connected with its critical temperature by the re- 
lation, Ti = 2.44 Te. Compute the Boyle point for Hs, Is, Ns, COs, CH4 
and NH,. 

12. Molecular Weights and Densities of Gases, (a) Approxi- 
mate Molecular Weights from Gas Densities. — Since ^V = ^ and 

by definition D = — , the perfect gas law may evidently be written, 

,^ mRT DRT 

M= = (36) 

from which the molecular weight of a gas can be calculated if its 
density, D, is known at some temperature, T, and pressure, p. 
It is frequently customary to refer the densities of gases to that 
of some gas employed as a standard. Thus the density referred 
to oxygen for any gas signifies the ratio of its density, D, to that 
of oxygen, Dq, at the same temperature and pressure. By 
dividing equation (36) by the corresponding equation for oxygen 



/ D^RT\ 

( i.e., 32 = —^ ) we have 

V P ^ D 



M = 32jr- (37) 

or in words, the molecular weight of any gas is equal to 32 times 
its density referred to oxygen. Similarly if we choose to employ 
air as the reference gas, the above equation would read 

M = 28.975- (38) 



/ 
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where Da is the density of air at the same temperature and pres- 
sure and 28.97, the so-called '* molecular weight" of air, is simply 
the value which experiment gives for the quantity, M , in equa- 
tion (36) when experimental data for air are substituted on the 
right-hand side of this equation. 

Since real gases do not obey the perfect gas law exactly, except 
in the limiting case of very low pressures, equation (37) will give 
accurate values for the molecular weight of a gas only if we 

employ foryr- the value approached by this ratio as the pressure 

approaches zero. It is quite possible, as we shall see in the 
second part of this section, to determine this limiting value with 
a high degree of accuracy so that this equation can be and is em- 
ployed for the accurate determination of molecular and atomic 
weights. In the case of most gases, however, it is sufficient 
to determine the molecular weight approximately by means of 
equation (36) or (37) for the exact molecular weight can then be 
obtained simply by multiplying the combining weight of the 
substance by the small whole number (or whole number ratio) 
which gives a product most nearly equal to the approximate 
molecular weight. 

Problem 9. — Calculate the approximate density of oxygen under standard ! 
conditions, that is, at 0° C. and a pressure of one atmosphere. (Its actually 
measured density under standard conditions is 1.4292 grams per liter.) 
Under the same conditions nitrogen weighs 1.2514 grams per liter. What is 
its density referred to oxygen? From the above data calculate the approxi- 
mate value of its molecular weight. The analysis by Guye aii(l Drouginin 
of one of the oxides of nitrogen gave the composition 1 part of^oxygenand 
0.43781 part of nitrogen. What is the combining weight of nitrogen in this 
compound? From this result and the approximate value for the nu>lecular 
weight obtained above calculate a more exact value for the moleculai" weight 
of nitrogen. 

(6) Exact Molecular Weights from Gas Densities. ^ — I: we 

apply the reasoning of the preceding paragraphs to Bertheiot's 
equation instead of to the perfect gas law, it will be easily §^ 
that we shall obtain, in place of equation (36), the more ex^ 
relation. 
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h for the sake of brevity may be written 

M=^(l+ilp) (40) 

e A is written in place of the expression in the braces. From 
•elation the molecular weight of a gas can be very accurately 
lated as will be understood from the solution of the following 
lems: 

blem 10. — From the data given in Table XII calculate exact values 
e molecular weights of O2, N2, Ar, NaO and CH4, with the aid of 
elot's equation of state. 

blem 11. — At 0^ and 0.5 atmosphere the density of neon is 0.44986 
hat of sulphur dioxide is 1.4807 grams per liter. From these values 
le densities under standard conditions (Table XII) compute the exact 
c weights of neon and of sulphur, without mckking any use of the crit- 
ata in either instance. 

oblem 11 shows that Berthelot's method can be employed 
ttermirie molecular weights accurately without the necessity 
lowing the critical constants. Measurement of the density 
e gas at two different pressures is all that is required. This 
lod of making the calculation is usually known as the method 
niting densities and is in general more reliable than the 
Lod of critical constants, illustrated by problem 10, because 
rate values for the critical constants are rather difficult to 
in. 

as above in our treatment of the perfect gas equation we 
se to make use of densities referred to oxygen instead of 
lute densities, we have only to apply the same reasoning, 
is, we divide equation (40) by the corresponding equation 
xygen, 

32 = ^^^(l+Aop) . (41) 

thus obtain in place of equation (37) the more exact relation, 

h, since at moderate pressures Aj) and Aop are small in 
parison with unity, may also be written 

M = 32^(l + (.l-ilo)p)=32^(l-ap) . {fi?> 
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Problem 12. — ^Under standard conditions N2O is 1.38450 times as dense 
as oxygen. Calculate its molecular weight by the method of critical con- 
stants employing equation (43) and taking the necessary critical data from- 
Table XII. 

Problem 13. — Under standard conditions the density of argon referred 
to oxygen is 1.24482. At the same temperature but at a pressure of 0.5 
atmosphere it is 1.24626. Calculate the molecular weight of argon by 
the method of limiting densities employing equation (43). 

Problem 14. — At 0° and a pressure of 0.5 atmosphere the density of oxy- 
gen is 0.71485 gram per liter and at 1 atmosphere it is 1.4290 grams per liter. 
From these two data calculate the numerical value of the gas constant, &, 

Berthelot's methods of calculating exact molecular weights 
from gas densities are of particular value in connection with the 
inert gases of the argon group for since these gases have no com- 
bining weights their molecular and atomic weights cannot be 
accurately obtained by the ordinary method. In Table IV 
below, atomic weights obtained from gas densities are compared 
with those obtained from the combining weights for four elements. 
The agreement is within the experimental errors in every instance. 

Table IV. — Comparison op Atomic Weights Determined from Gas 
Densities with those Determined From Combining Weights 

= 16.000 

(Four elements for which the most accurate data of both kinds are ayail- 

able.) (The values given are averages.) 



Element i H C N 


CI 


From gas density 

From combining weight. . . 


1.00775 
1.00775 


12.004 
12.00 


14.008 
14.008 


35.461 
35.460 



PROBLEMS 

(Assume the perfect gas laws.) 

Problem 15. — What is the volume of 1(X) grams of ether vapor (C4HioO) 
at 10** and 60 era.? What is its absolute density and its density referred to 
oxygen under the same conditions? 

Problem 16. — What would be the volume of a mixture of 1 gram of carbon 
dioxide and 4 grams of carbon monoxide at 17° and a total pressure of 0.1 
atmosphere? What would be the partial pressure of each gas? 

Problem 17. — A mixture of Nj and Ar at 371° and a pressure of 671 mm. 
contains 25 per cent, of N2 by weight. Calculate (1) the partial pressure of 
each gas, (2) the absolute density of the mixture at 371° and 671 mm., and 
(3) the number of molecules (not moles) of each gas in 1 cubic millimeter 
of f.Hft mixture. 
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Problem 18. — ^A balloon open at the bottom and filled with hydrogen 
occupies a volume of 2000 cubio meters. Calculate in tons its lifting capacity 
at sea level and 27^. 

Problem 19. — A Bessemer converter is charged with 1000 kg's. of iron 
containing 3 per cent, of carbon. How many cubic meters of air (containing 
25 per cent., by weight, of oxygen) at 27® and 1 atm. are needed for the 
combustion of all the carbon, assuming 1/3 to bum to CO2 and 2/3 to 
CO? What will be the partial pressures of all of the gases evolved by the 
converter? 

Problem 20. — 10 grams of solid iodine, l2, are placed in a flask of one 
liter capacity and the flask is then filled with nitrogen at 20° and 750 mm. 
and sealed. The flask is then heated to 300°, at which temperature all of 
the iodine is vaporized. What pressure will be developed? The density of 
solid iodine is 4.66 grams per cc. 
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CHAPTER in 

THE LIQUID STATE OF AGGSEGATIOir 

1. liqnefactHHi of a Gas or Yj^or. — Conader any pare snb- 
sitance in the gas^eous state enclosed in a transparent cylinder 
provided with a movable piston Fig. 3;. Let the cylinder be 
surrounded by some suitable bath by meani» of wiiich its tem- 
perature can be kept constant at some point which may be any- 
where between the critical temperature and the mating point 
of the substance. Now let the pressure upon the gas be gradu- 
ally increased by forcing down the piston. The Tolnnie <rf the 
ga8 will be observed to gradually decrease as the pressure rises 
and after the pressure has been increased to a certain Tafaie (de- 
pending upon the nature of the substance and the temperature), 
a second phase, the liquid phase, will begin to appear. This 
phase usually appears first in the form of a fine mist wiiich gradu- 
ally settles to the bottom of the cjiinder where it collects to a 
mass of liquid which is seen to be sex)arated from the gaseous 
phase remaining in the upper part of the cylinder by a sharp 
?x>unding surface (Fig. 4). As soon as the liquid phase has ap- 
y^eared in the system no further increase of pressure can be pro- 
(IucjA as long as any of the gaseous phase remains. Any at- 
t^jrnpt to increase the pressure, ever so slightly, will result in the 
complete condensation (liquefaction) of all of the gas (Pig. 5). 
This fjonstant pressure, which always prevails in every system 
com]:x)sed of a gas and a liquid in equilibrium with each other at 
a given temperature is called the vapor pressure or vapor tension 
of the lifjuid at that temperature and is a characteristic property 
of the liquid. When all the gas has been liquefied (Kg. 6) the 
pressure on the liquid can then be increased indefinitely. When 
the pressure on a liquid is increased, however, the corresponding 
doorcase in volume is ordinarily very much smaller than is the 
case with a gas. In other words the compressibility of liquids is 
comparatively small. 
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If we were to carry out the reverse of the above process, start- 
ing with a liquid under high pressure and gradually decreasing 
the pressure, we should observe, after the pressure had reached 
a value equal to the vapor tension of the liquid, that some of 
the liquid would evaporate and the system would again become 
heterogeneous owing to the appearance of the gaseous phase. 




Pig. 4. 



Fig. 5. 



This behavior serves as a definite distinction between a liquid 
and a gas. (Ci. II, 1.) 

2. General CharacteristlGS of the Liquid State. Surface Ten- 
sion. — The molecular condition in the interior of a body of 
liquid differs from that within the body of a gas in degree rather 
than in kind. The molecules of a liquid possess the same un- 
ordered or random motion characteristic of gas molecules and 
experiments show that in a given liquid the mean kinetic energy, 
)ntu*, of the moving molecules depends only upon the temper^ 
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■ 
ture, being independent of the mass of the molecules and thel u 

same for all molecules within a given liquid phase. The moie'l T 
cules of a liquid are, however, much closer together thanthoRl t 
of a gas under low pressure and hence the mean freeptttklii 
(II, 1) of a Uquid molecule is very short compared with that of 1 1 
a gaseous molecule. Moreover, the close proximity of tbB.| ( 
molecules to one another makes the effects of their mutual aAr 
tractions very pronounced and gives rise to the phenomenon of 
surface tension. Consider, for example, any molecule withm 
the body of a liquid. It is very powerfully attracted by the other 
molecules which closely surround it but since it is surroimded 
on all sides by them it is on the average attracted to a like de- 
gree in all directions so that the attractive forces balance one 
another.^ The molecules in the surface layer of the liquid^ how- 
ever, are attracted only downward and sideways, not upward, 
since there are no liquid molecules above them. As a result 
of these attractions the surface molecules act as though they 
formed a tightly stretched but elastic "skin" over the surface 
of the liquid and as a result of this surface tension, as it is called, 
every liquid when freed from the influence of external forces 
(such as gravitation, for example) always assumes a spherical 
shape since of all possible shapes the sphere is the one having 
the smallest surface. The surface tension always acts so as 
to make the total surface of the liquid as small as possible. 

A liquid in a vessel under the influence of the attraction of the 
earth assumes the shape of the vessel and has a level siuface. 
This is because the earth's attraction largely overcomes the effect 
of the surface tension. At the point of contact between the 
surface of the liquid and the wall of the vessel, however, 
the surface is not level but always bends either upward or down- 
ward according to whether the liquid "wets" or does not "wet" 
the wall of the vessel. Thus water in glass always gives a 
meniscus which is concave upward while mercury which does 

^ This attractive force is the same as that which is present in gases under 

a 
high pressure and which was represented by the quantity, ~, in van der 

Waals' equation (II, 10). In fact the equation of van der Waals will expreoB 
very closely the variation of the volume of a liquid with changes in its 
sure and temperature. 
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Knot wet gla83 gives a meniscus which is concave downward. 
: This effect of surface tension which is seen at the boundary be- 
^ tween. the surface of the hquid and the enclosing wall is much 
L more pronounced in the case of a liquid surface enclosed in a 
[ small tube or pore. If, for example, a capillary tube of glass is 
* flipped into water, the water inside the capillary rises above the 
level of that outside (Fig. 6), while if such a tube is dipped into 
mercury, the level in the tube is depressed below the level out- 
side. (Fig. 7.) In each case the result is a smaller total surface 
for the liquid. By total surface in this case is meant the surface 
of contact between the liquid and some other phase which it 




Fia. 6. Fia. 7. 

does not wet. The phenomenon of the rise (or depression) of 
liquids in capillaries or small pores of any description is known 
as capillarity and is due to the surface tension of the liquid. 
Many other familiar phenomena such as the behavior of soap- 
bubble films, and the absorption of water by a sponge, are the 
result of surface tension. 

3. The Measurement of Surface Tension. — The unit of sur- 
face force, which is also called the surface tension, and is repre- 
sented by the Greek letter gamma, y, is defined as the force 
which acts upon a unit line, located within the surface. For 
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example, if an attempt were made to increase the surface of a 
liquid by pulling upon an imaginary line 1 cm. long, located | 
within the surface, the force tending to oppose the increase in I 
surface is called the surface tension, 7, of the liquid. The mag- 
nitude of the surface tension is a characteristic property of the 
liquid. Of the various methods which are employed in i1» 
measurement we shall consider here only two of the most im- 
portant ones. 

(a) The Capillary Tube Method. — ^When a liquid rises (or sinb) 
in a capillary tube of radius, r, the height, A, to which it rises 
must evidently be such that the surface force, /„ which is hold- 
ing it up is just balanced by the force of gravity, /^, which is 
pulling it down, that is, 

/.=/. (1) 

Now the surface force is acting upon a line of length, Z, which 
is equal to the inner circumference of the capillary tube and hence 

f, = ly = 2irry (2) 

The force of gravity acting upon the volume, V, (=xr*A) of 
raised liquid is 

f^ = rng = VDg=irr^hDg (3) 

where m is the mass and D the density of the liquid and ^ is ' 
the acceleration due to gravity. Hence f 

f.=fa = 2irry = Tr%Dg (4) 

and the surface tension, 

y = hgrhD (6) 

Problem 1. — ^The surface tension of water at 0** is 73.21 dynes per centi- 
meter. How high will water at this temperatm'e rise in a glass capillary 
0.1 mm. in diameter? 

{b) The Drop-weight Method. — When a drop of liquid fonns 
slowly at a capillary tip (the tip of a pipette, for example), the 
size attained by the drop just before it breaks away from the tip 
will evidently depend upon the surface tension of the liquid. 
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HiOhnstein^ has shown that for a properly constructed tip the 
weight, Wj of the drop which falls from it under the above condi- 
tions is given by the expression, 



-Mv^) 



where r is the internal radius of the tip and D is the density of 
the liquid. For a series of liquids it may be possible to choose 

a value for r such that the function, f ( # ,^ ) , will be practically 

constant for all the liquids in the series and under these circum- 
stances the above expression becomes, approximately, 

w = ky (7) 

that is, the drop-weights of these liquids from this particular 
tip will be directly proportional to their surface tensions. Since 
drop-weights can usually be more easily and accurately measured 
than the capillary rise, the drop-weight method has been shown^ 
by Morgan* to be especially valuable for determining the relative 
surface tensions of liquids. In order to determine the absolute 
value of the surface tension by the drop- weight method the 
capillary tip employed should be standardized by measurements 
with a liquid whose absolute surface tension is known. This 
standardization consists in determining the value of k in equa- 
tion (7), or better still*, in determining the values of r and of 
the function f ( ) in equation (6). 

4. 'The Equations of Eotvos and of Ramsay and Shields. — The 
smallest surface which one molal weight of a liquid can have is its 
surface when in the form of a sphere. This surface, which is 
called the molal surface, and is represented by /So, is evidently 
expressed by the relation, 

So~7o^ = a(^)^ (8) 

where To is the molal volume of the liquid, M its molal weight, 
and D its density. The product of the surface tension into 

• J. Livingston R. Morgan (1872- ). Professor of Physical Chemistry 
at Columbia University, New York City. 
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the molal surface, 7S0, evidently has the dimensions of wod 
or energy and is called the molal surface energy. It representi 
the work involved in producing the surface, S^ against the 
surface tension, 7. It is analogous to the molal volume energy, 
pvo; in the case of a gas, (II, 4). 

Between the molal surface energy of pure {i.e., non-asso- 
ciated) liquids and the temperatiu'e there exists a relation, dis- 
covered by Eotvos* in 1886, which is perfectly analogous to 
equation (13, II) for gases. It is expressed mathematically \si 
the equa.tion, 

/M\i /M\i 

\^/ ...... or-dyV^; 



li 



-diySo) = _ ^ *y 



= const. J 



= K. (9) 



dt ^ dt ' dt 

where Kg is a constant which has the same value for all pun 
liquids. Expressed in words this equation states that: The 
temperature rate of change of the molal surface energf d 
a pure liquid is independent of the temperature and of tte 
nature of the liquid. The independence with respect to the 
temperatiu'e is illustrated by the data given in Table V. 



Table V 



Illustrating the equation of Eotvos, Q7 \D / ^ K^ . Values of K^ for ben- 
zene at various temperatures between 11° and 120°. te=2SS**, 



Measurements by Renard and Guye Measurements by Ramsay 


t°- 111. 4 31.2 

1 


55.1 68.5 


78.3 


80 


90 


100 :iio 


120 


200 


250 


; 1 

K," ' 2.10 2.13 


2.12 2.10 


2.10 


2.09 


2.10 


2.10: 2.10 


2.10 


2.10 


2.06 



The integral of equation (9) is 

y(-] = -K.t+K.K' = K.{K'-t) (10) 

where KmK' is the integration constant. (Cf. equation 14, 11.) 
Experiments made by Ramsay^ and Shields using a number of 

" Baron Roland von Eotvos (pr. ^utvush), Professor of Ph3n3iGS in the 
University of Budapest. 

* William Ramsay, K. C. B., F. R. S. (1852- ). Professor of 

Chemistry (retired 1912) at University College, London. 
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different liquids showed that the constant, K', has approximately 
the value, 



K'^L-^ 



(11) 



where te is the critical temperature of the substance in each case. 
Equation (10), therefore, becomes 

i 

(12) 



7(^)=iC.(<c-<-6) 



which is known as the Equation of Ramsay and Shields. As a 
rule, this relation does not hold unless <c— < is greater than 35®, 
that is, in the neighborhood of the critical temperatxu'e the rela- 
tion fails. The constant, /iC,, has the average value 2.1 ergs 
per degree, when 7 is expressed in dynes. This value is based 
upon the assiunption that the substance in the liquid state has 
the same molecular weight as it has in the gaseous state. 

Equation (12) may also be written, 7/S0 = kS, where d repre- 
sents the temperature counted downward from a point 6° below 
the critical temperature of the liquid. This form of writing 
the equation brings out its resemblance to equation (16, II) for 
gases. 

Table VI 

Values of the constant, Kt, of the Eotvos equation, for a variety of sub- 
stances calculated on the assumption that the molecular weight in the 

liquid state is the same as that in the gaseous state. iCa = -T^| ■"yIj^J I* 

Data from Walden's Tabulation [Z. physik. Chem., 82, 291 (1913)]. 

1. Elements and Inorganic Oxides and Halides 



Substance A Nt Ot Clt P4 HCl HBr HI 


CO COi 1 


Mol. wt 


39.9 
2.0 


28.0 
2.0 


32 


71.92 


124 


36.46 80.97 


128.0 


28 


44 




/<:.- 


1.9 


2.0 


2.2 


1.5(?) 2.0 


2.0 


2.0 


2.2 



Elements and Inorganic Oxides and Halides. — Continued 



Substance | 


! NjO SOs I P40. 


SOClf PCli SiCl4 


CCI4 SnCU CSf 1 


Mol. wt 


34.02 


80.06 


220 


120.0 


137.4 


170.1 


153.8 


260.8 


76.14 




K,^ 


2.2 


2.3 


2.4 


2.1 


2.1 


2.0 


2.1 


2.2 


2.1 



2. Hydrocarbons 



Substance | CsH« CiHtCHi | n-CsHu CsHtCtHi m-OsHio 


Mol. wt 


78.1 


92.06 


86.11 


106.1 


106.1 




JT.- 


2.1 


2.0 


2.1 


2.1 


2.2 
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Hydrocarbons. — Continued 



Substance 
Mol. wt 


CioHj 
128.1 


CiUit i 
102.1 


n-CiHit 


(CsHi)t 


(CtHOflCHtl 


1 CmHu 


114.1 


68.08 


71.1 


182.1 


X.- 


2.3 


2.3 


2.2 


2.2 


2.25 


2.5 



3. Esters and Ethers 



Substance HCOsCHi 


HCOsCsHt 1 CHiCOiCsHs { CtHiCOiCHi ] 


Mol. wt 60.03 

1 , 


88.06 


88.06 


88.06 


K," 2.0 


2.1 


2.2 


8.2 



Esters and Ethers. — Continued 



Substance 


; HCOsCtHii 1 CClsCOtCtUu 1 CitHiiOt 1 CmHu04 | CwHiiA| 


Mol. wt 


; 116.1 

1, , 


233.4 


192.1 342.3 


890.9 


K,» 


i 2.1 


2.46 


2.6 


8.3 


«.7 



4. Nitrogen Compounds 



Substance 


' n-CjHTNHj CeH.NHj C«HiN(CHj)t | CtHcNOf | 


Mol. wt 


59.08 93.06 

1 


121.1 


128 




IT.- 


1.6(?) 2.0 


2.3 


2.1 



Nitrogen Compounds. — Continued 



Substance 


p-CeHiOHNOs | C^HisOiNs CiaHiiSb | CtiHiiN 


Mol. wt 


139 196.1 


361.3 


287.2 




/iT.- 


1.8 ! 2.0 


3.5 


3.5 





5. Hydroxy 1 Compounds 


, 


Substance 


HsO ! CHsOH 1 CiH»OH 


HCOtH 


Mol. wt 


18 32.03 


46.1 


46 


/T.- i 


1.1 1 1.0 


1.2 


1.0 



Hydroxyl Compounds. — Continued 



Substance | n-CsHTOH \ C»H«(OH)i 


CtHtOH 1 CstHiiOi 


Mol. wt 1 60.1 92.06 


94.1 


354.3 


1 


K," 1.2 1.3 1.7 


8.8 



In Table VI are shown the values of this constant for a variety 
of different liquids. The data given in the first four sections of 
this table show that the value of this constant is close to 2.1 in 
the case of nearly all of the liquids given. These liquids are 
evidently of the most varied character and the temperatures are 
widely different in the different cases, ranging from — 183* in 
the case of oxygen to 210^ in the case of diphenyl methane. 
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-^gC!6H5)2CH2. The last few liquids in each section of the table, 
lowever, have values of K» which are considerably higher than 

1.1 and it seems to be a fairly general rule that substances of 

rery high molecular weight have values of K» which are decid- 

x ily larger than 2.1. In fact Walden* and Swinne find^ that this 

^^Sonstant can be approximately calculated from the expression, 

^ ^. = 1.90+0.011 (2nVZ) (13) 

where Sn V A is the sum of the square roots of the atomic weights 
— of the elements in the compound, each square root being multi- 
— plied by the corresponding subscript as shown by the formula 
— of the compound. Thus for tristearine, CbtHhoOc, we have 

— 2nVA=57 Vi2+110VT+6Vl6 = 327 and if. = 1.90+0.011 X 
827 = 5.5 as against the observed value 5.7 given in the table. 

^ For closely related substances the agreement of the /iCa-values 
* with one another is sometimes a very exact one, as shown by the 
~T figures given in Table VII, which are based upon relative surface 
tensions determined by the drop- weight method. 

rT Table VII 

— Values of K, =^1 (-^ j —y^l^\ by the drop- weight method for several 

organic liquids. Kb for benzene, CeHe, is taken as 2.120. 
~ From measurements by Morgan and Higgins [Jour. Amer. Chem. Soc, 

30, 1065 (1908)]. 



Substance CeHe CflHsCl CCU CfiHjN CeHjNH, C0H7N 




K.=: 2.120 2.120 2.118 2.118 2.120 2.125 



5. Molecular Weights of Liquids. — All of the /iC.-values given 
in Tables V, VI, and VII, were calculated on the assumption 
that the molecular weight in the liquid is the same as that in the 
gaseous state in the case of every substance and the agreement 
between the /iCa-values obtained with different liquids shows that 
for a great variety of substances and especially for related sub- 
stances, equation (9) holds with considerable exactness. It 
should be noted, however, that just as good agreement would be 
obtained, if in each instance the molecular weight of the liquid 

" Paul Walden, (1863- ). Professor of Inorganic and Physical Chem- 
istry at the Polytechnic Institute, in Riga, Russia. 

4 



I-UXCIPLES OF PHYSICAL CHEMISTRY [Chap. UI 



li to be two or three or any other multiple of its 
Lt in the gaseous state. In other words, the agree* 
moR xt laifr C«-Talues obtained with different liquids does not 
MHB«9Sin!T ^aov that they have the same molecular weight in 
tuf bpsii :iad gaseous states. It does, however, indicate that 
if tbr usAJi^rmsur weight in the liquid state is not the same as in the 
«««^{4i^ $QL^. then it must be some multiple of the latter which 
imittRiikf i? iodependent both of the nature of the liquid and of its 
mm ^catfRflXw It would be rather remarkable if such a condition 
vjw trw Mr any other multiple than unity. Moreover we have 
tMii)i0»Midi^ ^vkknce of quite another character that this multiple 
?s. ft ?i^*t> xwttty and that all substances which obey the Eotvfis 
l^usrt;»^tt. bc^vv the same molecular formulas in both the liquid 
«^ i!^ ^^yk$^HX$ states of aggregation. The Eotvos equation 
•Mk tiWwi^NC^^ ^ employed for calculating the approximate value 
^' -^V ^tJt^^'ulHT weight of a pure substance in the liquid state 
rv«ii^ ^tt<«$urvmvut8 of its surface tension at two temperature! 
K^ x>^id^^^^^ ^* ^^^^ conveniently made from the relation, 

/M\l lM\\ 
^Ad[) -^^5^) _^^ (14) 

<2 — ^1 

^^i^ >-V H^u|K*rHturt> difference, <2— <i, should be fairly large. 

"l^sruMiu^ now to swtion 5 of Table VI, it is evident that the 
K^^uik ^uoUuUhI i^^ this section have if,-values which are much 
,4»*s%;iv^ ^^^^^ thvvHi> of the other liquids. Moreover, the Kc 
^urv v-J i'^H^^^ lUivavls art^ not constant with respect to varift- 
^ »u vhv^ iviupornture, that is, these liquids do not obey the 
o..;.i».K'^u v'i KvHvvv*. This is clearly shown by the ^.-values for 
\ Ni a*\vM» »u rul>lo VIII. It is evident, therefore, that since 

Table VIII. 

j,!^^ v^^u^tKMk K^ Xh» K5tv6s constant, X«, with the temperature in 
a vv»i>uvi vS4IouUUhI on the basis of 18 for the molecular weight of 



•^' 






I 



V w 



1 1 

i w 



MskTCttn »nd McAfee 


lUmBftjiad 
Shieldi 


'i^ 39 45 55 


65 


75 


140 


U \ lt» 1.20 \ 1.23 


1.26 


1.30 i 


CO. i.e_ 
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Edtvos equation is not obeyed by these liquids it cannot be 
^alBC^cally employed in calculating their molecular weights.^ If 
5»-"^iB so employed, the molecular weights thus calculated are foimd 
^ary with the temperature and to be from two to three times 
large as the molecular weights in the gaseous state. The most 
*X>bable explanation of the behavior of these liquids is that they 
not pure substances in the sense in which we have defined 
"term (I, 2), that is, they do not consist of a single species of 
cule but of a mixture of two or more species in equilibrium 
one another. Indeed there is abimdant evidence from other 
ces that liquid water is a mixture of the following species of 
*^^>lecules, H2O, (H20)2, (H20)3 and perhaps higher polymers, 
j*\ in chemical equilibriimi with one another. Equilibrium 
ures, of this character which in many respects behave like 
^ e substances are usually called associated substances, to 
^i^inguish them from pure substances in the true sense of the 
•-^^Hn which are non-associated and contain but one species of 
" ^^olecule. Substances of the latter class in the liquid state are 
'^Iso sometimes called " normal " liquids for the same reason. 

Problem 2. — From a certain capillary tip the drop-weight of benzene at 

11.4^ is 35 . 239 milligrams and at 68 . 5"^ it is 26.530 milligrams. Its densities 
^ at the same temperatures are 0.888 and 0.827 grams per cubic centimeter 

respectively. Calculate the critical temperature of benzene. 
"^ Problem 3. — Prom the same tip as in problem (2) the drop-weight of chlor- 
r benzene is 41.082 milligrams at 8.2*" (Z> = 1.120) and 32.054 milligrams at 

72.2** (Z>~ 1.0498). Calculate its molecular weight in the liquid state. 

Calculate also its critical temperature [te observed —360*"]. 
Problem 4. — From the same tip the drop-weight of aniline, CeH^NHs, at 

51.7^ is 45.903 milligrams (Z> =0.9944). Calculate the critical temperature 

of aniline [te observed =426°]. 

6. Viscosity and Fluidity. — The internal friction or the resist- 
ance experienced by the molecules in moving around in the in- 
terior of a body is termed its viscosity. The viscosity of gases 
is very low, that of solids very high, while that of liquids in- 
cludes a wide range of variation. Some liquids, like ether, are 
very mobile^ while others such as pitch and tar are very viscous. 
The unit of viscosity, called the coefficient of viscosity or simply 
the viscosityi is represented by the Greek letter eta, 17, and is 
defined as the force required to move a layer of the substance of 
unit area, through a distance of unit length, in unit time, past 
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an n(lja(;(;rit Htationary layer a unit distance away. The viscosity 
of fluidH JH coininonly nioaflurcd by determining the time of flow 
of a rnvwHWYi^l vohinio of the fluid through a standardized capil- 
lary tube?, un(l(»r a dofinito difference of pressure. The more 
visrouH a iicjuid, the more slowly it flows. 



■H) 



The recipro(!al of vlscoHity is called fluidityi ^,( = ~ I and is 

HomeiimeH a more (!onvenient quantity to employ than the vis- 
vxmiy itiHc»lf. 'Y\\v. fluidity is evidently a measure of the ten- 
(leiK^y of Hul)Htun(!eH to flow while its reciprocal, the viscosity, ii 
a meaHurci of the* resistance to flow. The property of flowing 
with (H)nsi(leral)le ease is possessed by all gases and by most 
li(pii(iH and they are commonly classed as fluids for this reason. 
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CHAPTER IV 
LIQUID-GAS SYSTEMS 

1. The Molecular Kinetics of Vaporization. — The molecules 
of a liquid are in a state of constant unordered motion like those 
of a gas but they collide with one another much more frequently 
owing to the greater number of them in a given volume. These 
collisions take place without loss of energy and although the 
velocities of the different molecules vary all the way from zero 
to very large values there is a certain mean velocity correspond- 
ing to the mean kinetic energy (imu^) which for a given liquid 
depends only upon the temperature. This mean velocity is too 
small to allow the molecules possessing it to escape from a free 
surface of the liquid. There are always present, however, some 
molecules possessing a much higher velocity than this mean ve- 
locity, so that if the liquid is brought into contact with a vacuous 
space, some of these rapidly moving molecules will escape through 
the surface of the liquid into the space above it. In other words, 
some of the liquid will evaporate. This evaporation will con- 
tinue until the vapor above the liquid reaches a certain definite 
pressure, determined only by the temperature and by the nature 
of the liquid. This pressure is the vapor pressure or vapor ten- 
sion of the liquid. It is evidently that pressure at which the 
rate of escape into the gas phase of the more rapidly moving liquid 
molecules is exactly balanced by the return into the liquid phase 
of the more slowly moving gaseous molecules. Thus while a 
vapor which is not in contact with its liquid may have any pres- 
sure from zero up to a value somewhat exceeding the vapor pres- 
sure, a vapor in contact with its liquid can have only one pressure 
at a given temperature, namely, the vapor pressure of the liquid 
at the temperature. 

If a liquid is brought in contact with a space containing some 
other gas at a moderate pressure (say not exceeding one atmos- 
phere), then if this other gas is nearly insoluble in the liquid, 
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mmt Dilton^s law of partial pressures (11^ 6) th&kll' 

the same amount of liquid will evaporate intof 
as would if the second gas were not present. ThiB 
:i» ^s^ipor Tieiisiua of water in contact with air is approximatdy 
^ lis Tapor pressure in a space containing no seconj 
If thtf pressure of the second gas is large or if it is appre* 
:9ii&ui)ifi in the liquid, this principle is no longer valid, h 
liora^ it is strictly valid only for the limiting case of as 
UgtMUCM $9^ at a T«nr small pressure and in any actual easel 
il ^uio^ matt} «i2Btorti^ the more nearly these two conditions are^ 



III l^bt^ IX die Ts^wr pressures of a nimiber of liquids at 

rVifttai lX--V\fvMK PlLBSSURBS OF VARIOUS LlQUIDS AT RoOM 

Temperature (20"") 



Vapor 
art 
He 



Liquid 




^dlii^>{«4^ 



vCOLNO 



» «» 



0.0016 ,£tM cUoride 

3.7 : Sulphur dioxide . . . 

17.54 JGUorine 

''Ammonia 

; Hydrocen sulphide . 
Carbon dioxide 



- 44.0 

74.7 

1«».$ 

44:1.0 



^ MM( ^ Y^^^QcintMMi* — Since only those molecules ca& 
s^^^t^ t>vtti t&^ t^ukt pjias^ which possess kinetic energies cos- 
$tsiiuWtK> *rwW^ ^ii^*tt ^hi^ mean kinetic energy, it is clear that 
^v ui>Mfc ViJut^^"^ ^tt^i:^' v^ the remaining molecules must have 
.>i \v^^ \ 5CU5^ ;fctVt Ih^ <t§*?ape of the more rapidly moving ones. 
iH <44V^ %v*\fe titt? l^wp^rature of the liquid tends to fall during 
v>viUK>i>%lKN^ av^l ^ v>r^i<«' to maintain it at a constant valuer 
NyA^ H*^*!^ N^ AvKievl lo th^ liquid from some external source- 
I'n.^ JK\%I hjl sHiJiwI tK^' latitat heat of vaporization. The mo- 
^ tli>At ^ t^tJC^tfcrau i««« of a liquid imder constant pres- 

;n\ ^\ .^^ x^wc» ViW^^^^^^w^ 1^- i^ **^^ quantity of heat which it 
ix uv\\\>«^ > V^.^ *^^t ^^ ^*^ ^^^ "* ^^^^ ^ mamtain its tempera- 
l^v i^^ V "^^^^^ ^"^ «^wa* ttK>lecular wdght of the liquid evapo- 

1^ CtK^ ^v«^^ v^' vapoHja^ioai varies with the nature of the 
4 %^VN ^V* liMJ^H^r^^ur^ and (.to a very slight extent) with 



\x^; 
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3. Boiling Point. — When a liquid is heated under a definite 
oexternal pressure (water under the pressure of the atmosphere, 
^for example); its vapor pressure increases with rise in tempera- 
stare until finally a temperature is reached at which bubbles of 
3 vapor form and rise from within the body of the liquid and es- 
s cape into the space above it. The liquid is then said to boil. 
iz The boiling point is defined as the temperature at which a liquid 
^is in equilibrium with its vapor, when the vapor pressure is 
2 equal to the total pressure upon the liquid. The temperature 
E indicated by a thermometer placed in a boiling liquid is usually 

not its boiling point, for unless special precautions are taken a 
ir liquid does not boil under equilibrium conditions. In order to 
secure equilibrium and to measxu'e the temperature correspond- 
ing to it, it is necessary to bring an intimate mixture of vapor 
and liquid both under the same total pressure, into contact with 
■ the thermometer under certain conditions, the details of which 

- belong to the subject of methods of physical measxu'ements, 

- which it is not the purpose of this book to deal with. 

Since the vapor pressure of a liquid always increases with in- 
crease of temperature, it follows from the definition of boiling 
point that it also must increase with the external pressxu'e upon 
the liquid. The boiling point of a liquid under a pressxu'e of 
one atmosphere (76 cm. of Hg) is called the normal boiling 
point and, unless otherwise specified, it is this temperature which 
is meant when the term boiling point is used. . 

4. The Rule of Ramsay and Young. — If Ta and Tb are the 
absolute boiling points of two related, pure (non-associated) 
substances at the pressure, p; and T\ and T'b their boiling points 
at some other pressxu'e, p\ Ramsay and Young^ found that these 
temperatures were connected by the following relation, applicable 
from the lowest pressures up to the critical point, 

P^=-^^+c(rA-rA) (1) 

where c is a constant which is smaller the more closely related 
the substances are, being practically zero for very closely re- 
lated substances, such as brombenzene, CcHsBr, and chlor- 

« Sydney Young (1857- ). Professor of Chemistry in the University 
of Dublin. 
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1 dT 
he constant, c=m — Tp~> ^Bo being the normal boiling 

: the liquid. The value of c for pure (non-associated) 
s about 0.00012 but it varies somewhat with the nature 
quid and in practice the value for some liquid which is 
IS closely as possible to the one under examination should 
oyed in calculating the correction. Table XI gives the 
>f c X 10* for a variety of different liquids. The con- 
aries somewhat with P and the rule of Crafts is, therefore, 
) only when 760 — P is small. 

Table XI 

of the constant, c ( =«^ -Tp-jin the Crafts' equation, At = 

)—P), for the correction of boiling points to normal pressure. 



Substance 



cXlO* 



Substance 



cXlO* 



/■ 



hloric acid . . . , 

ia 

dioxide 

monoxide. . . 

dioxide 

disulphide. . . 
tetrachloride 

chloride 

richloride 



Icohol. . . 

alcohol. . 

alcohol. 

icid 

ic acid. . 



1.20 

1.27 

1.3 

1.43 

1.35 

1.35 

1.3 

1.35 

0.8 

1.6 

1.0 

1.1 

1.6 

1.35 

1.3 

1.01 

0.97 

0.97 

0.90 

1.0 

1.0 



Caprylic acid 

Phenol 

Ethyl ether 

Acetone 

Propyl acetate 

Methyl formate 

n-Hexane 

n-Octane 

Benzene 

p-Xylene 

Diphenyl methane. . . 

Dimethyl aniline 

o-Nitrotoluene 

Anthraquinone 

Benzophenone 

Benzoyl chloride. . . . 

Camphor 

Menthon 

Naphthalene 

Phthalic anhydride. . 
Sulphobenzide 



1.01 

1.0 

1.29 

1.19 

1.14 

1.19 

1.23 

1.20 

1.22 

1.36 

1.25 

1.15 

0.98 

1.15 

1.10 

1.17 

1.16 

1.15 

1.19 

1.19 

1.04 



n 1. — The following boiling points have been determined at the 
indicated: di-isopropyl, 60** at 807 mm; methjrl chloride, —20® 

tmos.; methyl alcohol, 60** at 625.0 mm; germanium tetrachloride, 
0.67 atmos.; heptylic acid, 218.1** at 700 mm; camphor, 206.7** 

m; p-cresol, 198.5** at 700 mm; hydrogen sulphide, —60** at 770 

c, 933** at 767 mm; bromine, 56.3** at 700 mm; argon, -186.2** 

nm. Calculate the normal boiling point. 
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6. Trouton's Rule.^ — This rule states that for closely related 
substances the molal heat of vaporization at the normal boiling 
point, divided by the normal boiling point on the absolute scale 
is a constant, that is, 

^— = can«<. =22 (3) 

A modified Trouton's* rule proposed by Nemst* is the following, 

^ = 9.6 log 10 Tb. -0.007 Tb. (4) 

which is more accurate and includes a larger variety of substances. 

Problem 2. — Calculate the heats of vaporization of six of the substances 
given in Table XII. Look up the experimentally determined values for 
the same substances and compare. Use the Landolt-Bomstein Physikal- 
isch-Chemische Tabellen (4th ed., 1912) and the "Annual Tables of Phys- 
ical and Chemical Constants" in looking for the experimental values. 

7. The Critical Phenomena. — ^The significance of the terms 
critical temperature and critical pressure has abeady been 
briefly explained at the point where they were first employed in 
our treatment of the properties of gases. We shall now take up 
in considerable detail the phenomena which one observes when a 
pure liquid is gradually heated in a closed vessel in contact with 
its vapor. For this purpose we will imagine our liquid enclosed 
in a transparent cylinder provided with a movable piston. To 
take a concrete case suppose we start with liquid isopentane, a 
substance which has been very fully investigated by Young. 
Starting with 1 gram of the liquid under an initial pressure of 
about 42 meters of mercury (Fig. 5) and at a temperature of 160°, 
we will gradually decrease the pressure, keeping the tempera- 
ture constant, and in order to see clearly the relation between the 
volume of the isopentane and the pressure upon it we will con- 
struct a diagram in which the pressures will be plotted as ordinates 
and the corresponding volumes as abscissae. Such a diagram is 
shown in Fig. 8, the small circles representing observed values. 
Starting at the point, A, therefore, (p = 25.2, t; = 2.4) we gradually 

" Frederick Thomas Trouton, F. R. S., Professor of PhyiSics in the Uni- 
versity of London. 

* Walther Nernst (1864- ). Professor of Physical Chemistry and 
Director of the Physico-Chemical Institute at the University of Berlin. 
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decrease the pressure wMcIi follows the line, A6. When the 
point, B, is reached where the pressure is 16.3 meters of mercury 
the vapor phase appears, since 16.3 is the vapor pressure of iso- 
pentane at 160°. The abscissa of this point, 2.38 cc, is evidently 




VOLUMES or A OSAM »— >- 

Fio. 8. — Isothenns of Isopentane. 

the Specific volume of liquid isopentane at 160° when under its 
own vapor pressure. It is called the orthobaric specific volume 
of the hquid. As we continue to raise the piston the liquid con- 
tinues to evaporate (lig. 4) and the total volume consequently in- 
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creases along the line, BC, while the pressure remains perfedly 
constant. When the point, C, is reached all of the liquid has 
evaporated and the abscissa of this point, 13.72 cc, is therefote 
the specific volume of the saturated vapor at this temperatuie. 
It is called the orthobaric specific volume of the vapor. If ire 
now continue to raise the piston (Fig. 3) the pressure falls and the 
volume increases as shown by the curve CD, and this curve 
would continue in this direction until the pressure falls to sero 
and the volume becomes infinite. Along the portion, AB, there- 
fore, we have only liquid isopentane and, as is characteristic of 
the liquid state, the volume is seen to change but slightly with 
change in pressure. Along the portion, BC, we have both liquid 
and vapor in equilibrium at the constant pressure, 16.3, which is 
the vapor pressure of the liquid at this temperature, finally 
along the portion, CD, we have only the vapor, and its volume 
decreases approximately in inverse proportion to the pressure, as 
required by the perfect gas law. The whole curve, ABCD, is 
called the isothermal for 160°. 

If we now raise the temperature to 170° and repeat the above 
process, we obtain the isothermal labeled 170°, which diflFers 
from the previous one chiefly in the respect that the horizontal 
portion, BC, is shorter, that is, the orthobaric specific volumes 
and, therefore, the orthobaric densities of liquid and vajwr are 
much nearer together than at 160°. Passing then to the iso- 
thermal for 180° we see the two orthobaric specific volumes ap- 
proaching each other still closer, that of the liquid increasing and 
that of the gas decreasing, until finally as we continue to raise 
the temperature we find that on the isothermal for 187.8°, the 
two volumes coincide and the portion, CD, of the curve is re- 
duced to a point. At this point, called the critical point of the 
substance, all the physical properties of the two phases become 
identical and the distinction between gas and liquid disappears. 
This fact is made evident to the observer by the gradual flatten- 
ing and final disappearance of the meniscus which separates the 
two phases, showing that with rising temperature the surface 
tension of the liquid gradually decreases and finally becomes 
zero at the critical point. The temperature of the critical iso- 
therm is called the critical temperattire, t^ of the substance. 
The corresponding pressure, which is evidently the vapor pres- 
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sure of the liquid at the critical temperature as well as the maxi- 
mum -vapor pressure which the liquid can have, since it ceases 
to exist at this point, is called the critical pressure, Pc, of the 
substance. The density of the substance at the critical point 
is called the critical density, Dg, and the reciprocal of the density 
or the specific volume is called the critical volume, Vg. The 
critical constants of a number of substances are given in Table 
XII. Above its critical temperature no gas can be caused to 
liquefy no matter how great a pressure is put upon it. In Fig. 
8 the isothermals above the critical point show at first a flatten- 
ing in the neighborhood of the critical volume. With increasing 
temperiature, however, this flattening gradually disappears and 
the isothermals smooth out into the hyperbolas of a perfect gas, 
hyperbolas which, in other words, are graphs of the equation, 

pv = const. 

Table XII. — Physical Properties op some of the Principal Gases 

AND Vapors 



Gas 


Density 

under 

standard 

conditions 

D 
g. per liter 


Melting 
point, 


Boiling 
point, 

760 mm. 


Critical 
tempera- 
ture, 
Te 


Critical 
pressure, 

Pc 

atmos- 
pheres 


Critical 
density, 

Dc 
grams 
per CO 


He 


0.1785 

0.08987 

0.9002 

1.2507 

1.7809 

1.4290 

1.3402 

0.7168 

3.708 

5.851 

1.9768 

1.9777 

1.6394 

0.7708 

3.1674* 

2.9266 

liquid 

liquid 

liquid 

liquid 

liquid 

Uquid 

liquid 

liquid 


<3*» 
14.1 
30 
62.5 
85.1 
46 

112.5 
89 
104 
133 
216.3 
170.3 
161.6 
194.8 
171.0 
200.7 
125.6 
176.0 
232.0 
278.6 
240 
228 
273.1 
235.2 


4.25" 

20.3 

53 

77.3 

87.2 

90.1 
122.5 
108.3 
121.3 
163 
194.7 
183.2 
189.9 
239.5 
239.4 
263 
309.3 
371.5 
358.3 
353.4 
387.2 
405.1 
373.1 
630.1 


5. 25' 
31« 
55 

125.96 
150.7 
154.25 
179.5 
191.2 
210.5 
289.0 
304.1 
309.5 
324.5 
406.0 
417.0 
430.3 
470.3 
540.0 
559.7 
561.7 
591.8 
632.3 
647.0 
> 1550.0 


2.26 
13. 4« 
29. 

33.490 
48.0 
49.713 
71.2 
54.9 
54.3 
58.0 
72.9 
71.65 
81.6 

112.3 
79.6 
77.7 
33.026 
26.881 
44.619 
47.89 
36.95 
44.631 

217.5 


0.07 
0.033 


Hi 


Ne 


N» 


0.311 
0.509 
0.4292 


A 


Oj 


NO 


CH4 




Kr 




Xe 


1.15 
0.448 


C0« 


NsO.' 


HCl 


0.41 


NH« • 

Oh 




SOi 


0.513 

0.2323 

0.2341 

0.3541 

0.3045 

0.7419 

0.3654 

0.4 


n-CsHn 

n-C7Hi6 

CaHsF 

CaHa 


SnCU 


CaHsCl 

HiO 


Ha 









> Jaquerod and Tourpaian [J. Chim. Phys., 11, 274 (1913)] give 3.214. 
* Bulle [Physik. Z., U, 860 (1913)] gives 32*' and 11.0 atmos. 
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OEXSTTY 

-lili*trttx'm% the Rule of C&iDetet and Mathias. The pra&ts nV ^ j 
'^ff/naerit the mokna of the two corresponding 






^^1^ of th^ principal uses of this rule is in determining the value 
of th^ ^'ritical density of a substance, as it is usually not possiUe 
t// rrif;^,ijr'i xhh density directly. The method of applying the 
ruk Ui PMf:\i (:2LSih% L« illustrated by problem 5. As a rule the le- 
Ution hold^ more exactly in the immediate neighborhood of the 
mtif:H\ pT/int than it does at lower temperatures. 

• lyrth ^^'Iletet, Iron blaster at Chatilion-sur-Seine. 

^ K MfttbiAA, Vrf^tamff of Physics and Meteorology at the University of 
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Problem 5.~The critical temperature of normal pentane is 197.2**. At 
150^ the orthobaric densities of this substance are 0.4604 and 0.0476 
respectively. At 190® they are 0.3445 and 0.1269. Calculate the critical 
density of normal pentane. [Observed value, 0.2323.] 



9. Superheating and Supercooling. — When a body of liquid is 
gradually heated from the outside it is frequently possible to raise 
its temperature considerably above its boiling point — as much as 
200° in the case of water. Such a liquid is said to be superheated. 
When a liquid is heated in a vessel by the application of heat to 
the bottom of the vessel, the lower layers of the liquid become 
superheated and from time to time portions of these superheated 
layers change into vapor with explosive violence causing the 
phenomenon known as '^ bumping, " Superheating and hence 
bumping can be prevented or greatly reduced by having some of 
the vapor phase in contact with the liquid at the point where 
heat is applied. In practice this is usually attained by intro- 
ducing pieces of capillary tubing or of porous porcelain plate. 
The small capillaries become filled with vapor and the presence 
of the vapor tends to prevent superheating of the liquid which 
thus boils quietly, the bubbles of vapor forming and rising from 
the point of contact of the Uquid with the vapor held in the 
capillaries. 

The reverse of superheating, that is supercooling, is fre- 
quently observed when a gas« or vapor is cooled. It may be 
cooled considerably below the temperature at which its pressure 
becomes equal to the vapor pressure of the liquid, without the 
appearance of any liquid phase in the system. If a single drop of 
liquid be introduced, however, condensation immediately occurs. 
In fact as a general rule when any phase, whether liquid, gas, or 
solid, reaches a condition where it ought normally to change over 
into another state of aggregation or another phase, this change 
frequently does not take place at once but supercooling or super- 
heating occurs instead. The introduction of a trace of the 
second phase, however, is usually sufiicient to bring about the 
change and to prevent any great degree of supercooling or super- 
heating. Mechanical agitation or the presence of small particles, 
such as dust, frequently has a similar effect.^ 
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Books: (1) Young's SUnchiometry, Chapters, VIII, IX and X. 

JouBNAL Articles: (2) Kendall, Jour. Amer. Chem. 8oc. S6, 1620 
(1914). Hildebrand, Ibid. 87, 970 (1915). (3) Young and Van Sicklen, 
Ibid. 85, 1067 (1913). 



CHAPTER V 
THE CRYSTALLINE STATE OF AGGREGATION 

1. General Characteristics of the Crystalline State. — When a 
substance in the gaseous state at any temperature below its melt- 
ing point is subjected to gradually increasing pressures, or when 
a substance in the liquid state is gradually cooled, a point will 
usually be reached where a third state of aggregation, the crys- 
talline state, appears in the system. This state of aggregation 
is characterized by a very slight compressibility, usually much 
smaller even than that of the liquid state. Examination of any 
substance in the crystalline state shows that it is made up of an 
aggregation of individuals having a definite geometric form, which 
form is one of the characteristic properties of the substance. 
These geometric forms are called crystals and the physical prop- 
erties of these crystals bear a close connection to the crystalline 
form. A crystal may, in fact, be defined as a homogeneous body 
possessing definite and characteristic vector properties, that is, 
properties which are different in different directions through the 
crystal. Such a body is called an anisotropic body (I, 8). Thus, 
for example, the conductivity for heat or for electricity measured 
in one direction through a crystal may be different from that 
measured in a direction at right angles to the first, and the index 
of refraction for light usually depends upon the direction in which 
the light is sent through the crystal. The systematic descrip- 
tion and classification of the different geometric forms displayed 
by crystals and the relation of these forms to the physical prop- 
erties of the crystals belongs to the subject of crystallography, 
which will not be entered upon in this book. 

In the case of most crystalline substances the crystals possess 
rigidity, that is, they offer a resistance to deformation by mechan- 
ical force. For this reason they are called solid substances and 
because the property of solidity is common to the large majority 
of crystalline substances, the crystalline state is commonly 
5 65 
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spoken of as the solid state. The property of solidity is by do 
means restricted to crystak, however, but is possessed to a very 
pronounced degree by some liquids. Moreover, there are some 
crystals which possess scarcely any appreciable solidity. The 
term crystalline state is, therefore, a better name for this state 
of aggr^ation than the more customary one of ''solid state." 

When a crystalline substance is gradually heated under 
constant pressure (that of the atmosphere, for example) it either 
completely evaporates, thus changing into a gas or vapor, ot 
else, if the pressure upon it be sufficiently great, it loses its 
crystalline form and changes into the liquid state, as soon as a 
definite temperature is reached. This temperature, which de- 
pends to a slight extent upon the pressure, is called the melting 
point of the substance and is one of its most characteristic prop- 
erties. The molecular kinetics of the melting process and the 
probable molecular condition within a crystal will be considered 
in the next chapter. 

2. Liquid Crystals. — Most crystals are rigid and will fracture 
when subjected to pressure, but many substances are Joiown to 
form crystals in which the crystal forces are so weak that the 
crystals can be easily distorted and will even flow, form drops 
and rise in capillary tubes under the influence of the sur- 
face tension forces. They are called liquid crystals^* * or crys- 
talline liquids. In common with solid crystals, however, 
they possess a definite melting point and the optical properties 
characteristic of the crystalline state. The property of flowing 
under pressure is not confined to substances usually called liquid 
crystals, however, but is probably possessed to some extent by 
all crystals. Thus ice, which will fracture if struck, will gradually 
flow, if subjected to great pressure. This gradual flow is prob- 
ably at least partially responsible for the movement of glaciers 
down mountain sides and through valleys. 

3. Polymorphism and Transition Point. — ^When a crjrBtalline 
substance is gradually heated we find in some cases that when a 
certain temperature is reached a change occurs in which this 
crystal form disappears and a second crystal form appears. That 
is, the substance has the property of existing in more than one 
form of crystals. This property is known as polymorphism. 
The transition of one form into the other is usually attended I7 
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a pronounced volume change and an appreciable evolution or 
absorption of heat. The two forms of crystals are perfectly 
distinct and must be regarded as different crystalline phases. At 
a certain temperature, called the transition or inversion tempera- 
turCi these two phases can exist in equilibrium with each other. 
Above this temperature one form only is stable and below this 
temperature the other form only is stable. The quantity of heat 
absorbed when one mole of a substance in the crystalline form, 

A, changes to the form, B, at the transition temperature is called 
the molal heat of transition from the form. A, to the form, 

B, at this temperature. The transition temperature varies 
slightly with the pressure. 

The nature of the molecular kinetics of the process of transi- 
tion may be inferred from that of the process of fusion which 
will be described in the next chapter. Owing to the restricted 
character of the molecular motion in a crystal (see VII, 1), the 
process of transition from one form to the other is frequently a 
very slow one and if the transition temperature happens to be 
rather high, both forms can be kept for practically an indefinite 
period at ordinary temperatures although only one of these forms 
is strictly stable under these conditions. The unstable form has 
still the tendency to change over to the other even though no 
change can be observed over long periods of time. (Cf . Super- 
cooling of Liquids, VII, 3.) Thus two crystalline modifications 
of calcium carbonate, calcite and aragonite, are found in nature 
although only the former is "stable" at ordinary temperatures. 

4. Isomorphism and the Rule of Mitscherlich. — It frequently 
happens that two substances of analogous composition such as 
arsenic acid, H3ASO4, and phosphoric acid, H3PO4, form crystals 
which resemble each other very closely, so closely in fact that 
when a crystal of one is placed in a solution of the other the 
second will crystallize out upon the first and from a solution 
containing both substances mixed crystals, that is, homogeneous 
crystals containing both substances, can be obtained. Such 
substances are said to be isomorphous. On the basis of this be- 
havior Mitscherlich* proposed a rule which was once of con- 

« Eilhardt Mitscherlich (1794-1863). The son of a preacher. He de- 
voted himself first to the study of history, philology and oriental languages. 
In 1821 he became Professor of Chemistry in *he University of Berlin. 
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siderable importance in deciding which multiple of the combining 
weight of an element was its atomic weight. This rule may be 
stated as follows: Two isomorphous substances have analogous 
molecular formulas. Thus, in the case cited above, if the formula 
of phosphoric acid were known to be H8PO4, then we could in- 
fer that that of arsenic acid was H8ASO4 and not HSAS2O4 or 
HeAsOs, for example, and, therefore, if the per cent, of arsenic 
in the compound were determined, its atomic weight could be 
calculated. The rule of Mitscherlich was used quite extensively 
by Berzelius* for fixing atomic weights but is seldom employed 
to-day as it is not a very safe one, several very marked exceptions 
to it being known,^ and also because we now have much more 
satisfactory methods which can be used for the same purpose. 

6. Relations between Crystal Form and Chemical Constitu- 
tion. — Mitscherlich's rule of isomorphism was one of the earliest 
attempts to correlate crystal form with chemical constitution. 
In recent years the subject has again received considerable 
attention and a theory has been formulated by means of which 
many of the forms displayed by crystals and the resemblances 
and diflFerences* exhibited by the crystals of different substances 
can be interpreted in terms of the known properties of the chem- 
ical elements which make up the crystal. This theory was first 
advanced by Barlow^ and Pope "and was based upon the assump- 
tion that every crystal is a close-packed assemblage of atomic 
spheres which can be partitioned into small cells, all exactly 
similar and all marshalled in rows and columns thus giving the 
symmetrical form to the crystal. These small cells are the 
chemical molecules, and the atoms and molecules are assumed to 
be capable of a certain amount of distortion under the influence 
of the forces acting between them. This theory has been recently 
modified and improved by T. W. Eichards who introduced the 

** Jons Jacob Berzelius (1779-1848). The son of a school master. Grad- 
uated in medicine from the University of Upsala and became a practising 
physician in Stockholm. In 1806 became Professor of Chemistry in the 
University of Stockholm. Discovered cerium, selenium and thorium and 
determined the atomic weights of many of the elements. Introduced the 
present set of symbols for the elements. 

* William Barlow (1845- ). English Chemist. 

* William Jackson Pope, F. R. S. (1870- ). Professor of Chemistry 
in Cambridge University. - 
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additional assumption (for which there exists considerable con- 
firmatory evidence from other sources) that the atQms were 
capable of actual compression as well as distortion. For a more 
detailed description of this theory and examples of its application 
to specific cases the student should consult the papers of Richards 
and of Barlow and Pope cited below. With the assistance afforded 
by a new system^ for the quantitative, classification of crystals 
perfected by Federov,* the theories of Barlow and Pope and of 
Richards should mark the beginning of a new epoch in the subject 
of chemical crystallography. 

6. The Internal Structure of Crystals. — A powerful stimulus 
has recently been given to the old question of the arrangement 
of the atoms and molecules within the crystal network, by the 
results obtained from the study of the reflection and refraction 
of X-rays by crystal^. X-rays are now recognized to be of the 
same nature as ordinary light rays but to have extremely short 
wave lengths. It occurred to Laue,^ that if this were the case 
the successive rows of molecules in a crystal ought to behave 
toward these very short waves in the same way as a grating spec- 
troscope does to ordinary light rays, that is, diffraction effects 
and X-ray spectra ought to be obtained. Experiment fully 
confirmed this conclusion and is not only yielding important 
information regarding the X-rays themselves but is also giving 
us pictures of the internal structure of crystals.® When X-rays 
after reflection or refraction by a crystal are allowed to impinge 
upon a photographic plate or a fluorescent screen, patterns are 
produced whose form changes as the crystal is rotated in different 
directions and from a study of the patterns thus obtained, with 
the crystal held in different positions, the arrangement of the atoms 
and molecules within the crystal can be determined. In this 
way it has been found^ by Bragg and Bragg" that in the diamond 
each carbon atom throughout the whole crystal is surrounded by 

* Evgraf Stephanovic Federov, Professor of Mineralogy in the Institute 
of Mines of the Empress Catherine II, at Petrograd. 

* Max von Laue, Professor of Theoretical Physics in the University of 
Zurich, Switzerland. 

« William Henry Bragg, F. R. S. (1862- ). Professor of Mathematics 
and Physics in Leeds University, England. His son, W. Lawrence Bragg, 
Investigator in the Cavendish Laboratory, Cambridge, England. 



70 PRINCIPLES OF PHYSICAL CHEMISTRY [Chap. V 

four others so as to form a regular tetrahedron, a discovery 
which is of much interest to the chemist. This method of in- 
vestigating crystal structure is still in its infancy but promises 
to yield many important results. 
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CHAPTER VI 

CRYSTAL-GAS SYSTEMS 

L. Vapor Pressure of Crystals. — If the pressure upon a crystal 
constant temperature is gradually reduced, a point will even- 
Uly be reached where the gaseous phase appears in the system, 
it is, the crystal begins to evaporate in much the same way as 
liquid does under similar circumstances. The pressure at 




Fig. 10. 

ich the gaseous phase and the crystalline phase are in equilib- 
m with each other at any temperature is called the vapor 
ssure or sublimation pressure of the crystals at that tempera- 
e. If the processes described in section 7 of Chapter IV be 
ried out with a crystalline substance, starting at a temperature 
Lsiderably below its meltii^ point, the character of the isother- 
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mals obtained will at first resemble very closely those of a liquid 
as shown in Fig. 8. With rising temperature the densities of 
the two phases, crystalline and gas, gradually approach each 
other. Long before a temperature is reached where they come 
very near together, however, the crystalline phase usually melts 
and thus disappears from the system. We might imagme a 
case, however, in which the melting point lay at such a high tem- 
perature that before it was reached the densities of the two 
phases became identical. The isothermal for this temperature 
would then have the same general form as the one marked AOA' 
in Fig. 10. Identity with respect to density does not, however, 
necessarily imply that all the other physical properties of the 
two phases are identical. The temperature at which the densi- 
ties become equal would not, therefore, necessarily be a critical 
temperattire, above which the crystalline state of aggregation 
could not exist. In fact the isothermals above this temperatuie 
in the crystal-gas system would not resemble those for the liquid- 
gas system, as shown in Fig. 8, but would instead probably be 
somewhat of the general character of those shown in Fig. 10. 

2. Sublimation Point. — The temperature at which the vapor 
pressure of a crystal becomes equal to the external pressure is 
evidently perfectly analogous to the boiling point of a liquid and 
may be called the ''sublimation point" of the crystal. In the 
case of most crystalline substances the ''normal sublixnatkHi 
point," or the sublimation point under atmospheric pressure, 
lies above the melting point of the substance and is consequently 
never reached in practice. With some substances, such as arsenic 
trioxide, however, the melting point is the higher of the two 
temperatures and hence these substances when heated simply 
sublime or "boir* away completely without melting. They 
cannot be melted except at higher pressures than that of the 
atmosphere. 

3. Heat of Sublimation. — The process of vaporization of *■ / 
crystal, like that of a liquid, is attended by an absorption d\ ^ 
heat and the amount of heat absorbed when one mole of tbi ^ 
crystals vaporizes at a given temperature and pressure is calledl ij- 
the molal heat of vaporization or of sublimationi Lg, of tU t[ 
crystals at that temperature and pressure. | ^j 

tl 



CHAPTER VII 



CRYSTAL-LIQUID SYSTEMS 

1. The Molecular Kinetics of Crystallization and Fusion. — 

The following hypothetical picture of the mechanism of crys- 
tallization and fusion is in accordance with the known facts con- 
cerning the process and will help the student to appreciate the 
probable difference in the molecular condition of the two states 
of aggregation. 

We have already seen (IV, 1) that the molecules of a liquid 
which have velocities considerably higher than the velocity 
corresponding to the mean kinetic energy are able to escape from 
the field of attraction of the other molecules and to enter the 
vapor phase. There are also present in the liquid numbers of 
molecules having velocities considerably smaller than this mean 
velocity. When several of these slowly moving molecules come 
together the crystal forces, that is, the forces which hold the mole- 
cules together in the crystalline state, may be strong enough to 
prevent the molecules from flying apart again after the impact. 
These molecules under the influence of the crystal forces may 
then arrange themselves into the form of a minute crystal which 
thereafter moves as a unit until it collides with some rapidly 
moving molecule and is broken up by the impact or else meets 
with other slowly moving molecules which it attracts and holds, 
thus growing in size. If heat be gradually and continuously 
abstracted from the liquid, the temperature falls and the mean 
kinetic energy of the molecules decreases. This will evidently 
increase the chances of formation of these minute crystals, called 
crystal nuclei, and will increase their average life and chances of 
growth. Finally a temperature will be reached at which the 
mean kinetic energy of the liquid molecules becomes so small 
that the chances of formation and growth of the crystal nuclei 
are just equal to their chances of destruction. That is, the chance 
that any crystal nucleus taken at random will continue to grow 
73 J 
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by the addition to it of the more slowly moving molecules with 
which it collides is just equal to the chance that it will be broken 
up by collision with more rapidly moving molecules. 

If the temperature be then further reduced, it is evident that 
the chances of growth will be greater than the chances of de- 
struction and if a crystal of the substance be now introduced into 
the liquid and the abstraction of heat be continued, this crystal 
will be observed to increase in size at the expense of the liquid. 
In other words the liquid is said to crystallize or to freeze. If 
we do not introduce a crystal into the liquid, the crystalline phase 
may eventually form spontaneously at several points within the 
liquid. In either case as soon as the crystalline phase appears, 
it will be noticed that the further withdrawal of. heat from the 
system fails to produce any corresponding decrease in its tem- 
perature. It tends to cause a lowering in the mean kinetic energy 
of the molecules of the liquid, it is true, but if the liquid is in con- 
tact with the crystalline phase, the slower moving molecules of 
the liquid are attracted and held by the crystals which thus grow 
in size at the expense of the liquid phase, the mean kinetic energy 
in the latter phase and hence also its temperature remaining 
perfectly constant even though heat be continuously abstracted 
from it. 

Problem 1. — Compare this process with the mechanism by which the 
temperature of a liquid boiling under constant pressure remains perfectly 
constant even though heat be continuously added to it. 

This constant temperature at which the liquid and crystalline 
phases are in equilibrium with each other is called the freeziiig 
point of the liquid or the melting point of the crystals. 

Let us now consider the reverse process where we start with a 
crystal at a low temperature and gradually add heat to it. The 
molecules of the crystal are held in the crystal network by the 
action of the crystal forces. They are not at rest, however, but 
oscillate or vibrate about a certain mean position. The plane 
of oscillation and the amplitude may vary from molecule to mole- 
cule but there is probably a mean amplitude of oscillation which 
like the mean kinetic energy of liquid or gas molecules is depend- 
ent upon the temperature. The molecular motion within the 
crystal is, therefore, unordered, being in all sorts of directions 
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and halving all amplitude values on both sides of that average 
amplitude which corresponds to the temperature of the crystal. 
The motion is not ''free random motion" like that in a gas or 
a liquid, however, but is instead "restrained random motion" 
since a molecule cannot move freely about among the other 
molecules, but can only oscillate about a more or less definite 
center in the crystal network. From tipie to time, however, 
some of the molecules will attain amplitudes of oscillation so 
great that they will get far enough from the crystal network 
to escape from the crystal forces and to enter the vapor phase 
as gaseous molecules. That is, every crystal is able to evaporate 
and has at each temperature a definite vapor pressure which is 
the pressure at which the rate of escape of the molecules from the 
crystal forces is just balanced by the rate at which the gas mole- 
cules which are constantly colliding with the crystal are in turn 
caught and held again by these same forces, thus producing a 
condition of dynamic equilibrium. 

If we gradually impart heat to the crystal, its temperature 
rises and the rate at which molecules escape from the influence 
of the crystal forces increases. Finally a temperature will be 
reached where the crystal breaks up by the above process faster 
than it can reform and, if the pressure is great enough, the liquid 
phase appears, that is, the crystal is said to melt or to fuse. The 
temperature at which this occurs is the melting point of the 
substance. It is evident that if the addition of heat is now con- 
tinued, no further rise in temperature will occur until all the 
crystalline phase has disappeared since the more violently oscil- 
lating molecules in the crystal escape to form liquid molecules 
and thus the average amplitude of those remaining, and hence 
also the temperature of the crystal, remains constant, the heat 
being absorbed by the process of fusion. 

2. Heat of Fusion. — ^The heat absorbed in the process of fusion 
evidently goes to increase the amplitude of oscillation of the mole- 
cules in the crystal to such a value that they can escape from the 
field of action of the crystal forces. In other words, energy is 
required to separate them against the action of these forces. A 
partial mechanical analogy to this process occurs when we whirl 
a ball at the end of an elastic cord. As we increase its energy of 
rotation, and hence its angular velocity, the cord stretches and 
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finally when a certain velocity is attained the cord breaks and 
the ball flies off in a straight line. The heat absorbed in tbe 
process of fusion is called the latent heat of fusioii of the solh 
stance and the molal heat of fusion, Lp, of any substance at 
the temperature, T, is defined as the quantity of heat which b 
absorbed when one mole of the substance changes from the 
crystalline state at the temperature, T, to the liquid state at 
the same temperature. It is exactly equal to the quantity of 
heat evolved when the reverse process (crystallization) ocean 
at the same temperature. 

Problem 2. — Suppose we start with a crystal at a low temperature, and 
at constant pressure gradually add heat to it, measuring the quantity of 
heat added for each degree rise in temperature which it produces, and con- 
tinuing the process imtil we have our substance in the form of vapor aft a 
temperature 100'' above its boiling point. If we construct a HlftgrAin ia 
which quantities of heat are plotted as abscissae and corresponding rises in 
temperature as ordinates, two different diagrams will be obtained according 
to whether the melting point of the substance is above or below its soUi- 
mation point at the pressure employed in the experiment. Draw two 
figures illustrating the character of the diagrams obtained in the two casei. 
For simplicity it may be assumed that the substance is not polymorphic. 

Problem 3. — If the substance is polymorphic with a transition tempera* 
ture a few degrees below the melting point, what will be the characters of 
the above curves? 

3. Supercooled Liquids and Amorphous Solids.' — ^The growth 
of crystal nuclei in a liquid which has been cooled below its freei- 
ing point is facilitated by the presence of fine dust particles, by 
mechanical agitation, and by other factors. In the absence erf 
these aids it is frequently possible to cool a liquid considerably 
below its freezing point before crystallization occurs. In fact 
supercooling, as it is called, is the usual phenomenon. A sup^ 
cooled liquid can usually be caused to crystallize by adding some 
of its own crystals to it. As soon as crystallization begins the 
temperature very quickly rises to the freezing point owing to the 
heat evolved by the process of crystallization. 

In all cases a decrease in the temperature of a liquid is accom- 
panied by an increase in its viscosity and with some liquids the 
viscosity at the freezing point is very large. As the liquid is 
supercooled the viscosity increases still further. Now high 
viscosity means decreased freedom of molecular motion witlun 
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the liquid and molecular motion is necessary for the formation 
and growth of the crystal nuclei. If this is prevented by a high 
and steadily increasing viscosity, the liquid may be cooled any 
distance below its freezing point without any crystallization 
occurring and the viscosity may finally become so great that the 
liquid becomes a solid glass. It is still in the liquid state of 
aggregation, however, for no second phase has appeared during 
the process of cooling. Ordinary glass is a liquid of this char- 
acter. These supercooled liquids are sometimes called amor- 
phous solids and are distinguished from crystalline solids by the 
absence both of crystalline structure and of a definite melting 
point. On heating they gradually soften until they become quite 
fluid, but there is no one temperature above which they may be 
called liquid and below, solid, the change in fluidity being a 
perfectly gradual one. Sometimes old glass gradually and slowly 
crystallizes. This process is known as devitrification. 

Theoretically any liquid could be cooled to a solid glass with- 
out crystallization occurring but practically we have only been 
able to bring this about with the more viscous liquids. Water 
has been supercooled as much as 80° but was still quite fluid so 
that when crystallization began it proceeded quite rapidly. If the 
viscosity of water be increased, however, by dissolving sugar in 
it, the syrup can be supercooled until it becomes solid and rigid 
like glass, without the formation of any ice. 

When a solid is formed by a chemical reaction in a liquid or 
gas which is at a temperature far below the melting point of the 
solid thus produced, the latter frequently appears in the form of 
a precipitate which under the microscope shows no evidence of 
crystalline structure. For this reason these precipitates are 
called amorphous precipitates. It is certain, however, that in 
many instances these solids really belong to the crystalline state 
of aggregation but that the individual crystals are too small to 
be seen even with the highest powers of the microscope. 

Problem 4. — Describe an experiment which might be made to determine 
^whether an apparently amorphous precipitate were a crystalline solid or a 
supercooled liquid. (Cf. Problem 2.) 
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CHAPTER VIII 

RELATIONS BETWEEN PHYSICAL PROPERTIES AHD 

CHEMICAL CONSTITUTION 

1. Nature of the Subject. — Considerable attention has been 
devoted by investigators to the question of the connection be- 
tween the physical properties of a substance and its chemical 
constitution and a large number of relationships have been 
proposed for expressing quantitatively this connection. Some 
of the physical properties which have been the subject of investi- 
gation in this field are the following: surface tension, viscoaty 
and fluidity, atomic and molecular volume, atomic and mole- 
cular heat capacity, heats of fusion, of vaporization and of com- 
bustion, melting and boiling points, critical constants, refraft- 
tivity, dispersive powers, absorption spectra, dielectric constant, 
magnetic susceptibility and permeability, ionization constants, 
and penetrating power of the characteristic Rontgen radiations, 
It would not be possible within the scope of this book to attempt 
to discuss or even to present more than a very small fraction of 
the large number of relationships which have been put forward by 
the different investigators in this field, but the general character 
of our present knowledge of this subject can be well illustrated 
by considering two or three typical physical properties and the 
manner in which they depend upOn the chemical constitution 
of the substance. For this purpose the properties, optical ro- 
tatory power, molecular refractivity, and penetrating power of 
the characteristic Rontgen radiation have been chosen. The 
consideration of atomic and molecular heat capacities will be 
taken up later in a special chapter devoted to these properties. 

2. Optical Rotatory Power. — When monochromatic light of 
any wave length is allowed to pass through a Nicholas pristt 
(a special prism made from Iceland spar) the light which emerges 
from the prism is plane polarized, that is, the light vibratiotf 
instead of occurring in all planes are confined to a single plane. 
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[f thia light is now examined through a eecond Nichol's prism 
[calied the analyser, the hrst prism being known as the polarizer), 
with its axis parallel to that of the first prism, the light is ap- 
parently not affected. If, however, one of the prisms is now 
padually rotated about its axis, the observer notes a gradual 
decrease in the intensity of the light as seen through the analyser. 
This decrease continues until complete extinction is reached when 
the prism has been rotated through an angle of 90° from its first 
Bsition. If now a solution of some substance such as sugar 
W placed between the two prisms so that the light passes through 
solution, the field of view in the analyser will become illu- 
Binated again and in order to produce extinction once more the 
nalyaer must be turned through an angle, a, whose magnitude 

a measure of the optical rotatory power of the sugar solution. 
[ it is found that the analyser must be turned to the left in order 
p produce extinction, the optically active substance in the solu- 
bn is said to be lievo-rotatory, while if the rotation of the 
■ser is to the right, the substance is said to be dextro-rota- 
Siy. The magnitude of the rotation depends upon (1) the 
rave length of the light employed, being larger the shorter the 
tave length; (2) the length of the layer of the solution through 
'hich the light passes; (3) the nature of the optically active 
ibstanee and its concentration in the solution, and (4) the 
anperature. 

The specijic rotatory power, [a], of a substance is defined by the 
luatJOD, 



M'' 



1Q0« 



(1) 



here a is the angular rotation observed when a solution contain- 
tg p per cent, of the substance and having the density, D, is 
tamined through a tube of length, I, at the temperature, (. 
^e na,ture of the monochromatic light employed is usually 
idicated by a subscript. Thus [aJo indicates that the value 

for 20" C. and that the J5-line of the sodium spectrum was 
nployed as the monochromatic Ught. The specific rotatory 
Dwer of a substance is in general a function both of the tem- 
erature and of the nature of the solvent in which it is dissolved. 

The property of optical activity is closely and uniquely con- 



80 



PRINCIPLES OF PHYSICAL CHEMISTRY [Chap. Vm 



nected with the chemical structure of the molecule of the optic- 
ally active substance. It occurs in the case of every substance 
whose molecule contains an asymmetric central atom (see I, 
2d, which should be re-read in this connection) and also in 
nearly all cases in which the tetrahedral space model of the mole- 
cule possesses no plane of symmetry. The quantitative side of 
the relation between optical activity and molecular structure 
is not very well developed at present although the measurement 
of the specific rotatory power of a substance can in certain cases 
be employed to determine the structure of its molecule or to de- 
cide which of two possible structures is the correct one.* 




Fig. 11. 

3, Molecular Refractivity. — When a ray of Ught passes from 
one medium into another (from air into water, for example) the 
ray undergoes a change in direction, that is, it is refracted. The 
angle made by the incident ray (AB, Fig. 11) with a perpendicu- 
lar at the point of incidence is termed the angle of incidence, 
f, while that, r, made by the refracted ray (BC in the figure) is 
termed the angle of refraction. The index of refractioni n, of 
a substance is defined by the equation 



n = 



sm I _^U\ 
sin r~U2 



« 



^ 
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where light of a single wave length is supposed to enter the sub- 
stance from a vacuum, the velocity of the light in the vacuum 
being U\j and that in the substance being u^. In practical 

work air may usually be employed instead of a vacuum. For 

n^-l 1 
a given substance the relation, 24.0 ^^* where D is the density, 

has been found to be a constant independent of the temperature. 

This is known as the Lorenz'*-Lorentz^ relation. 

n^ — 1 M 
The molecular refractivity, -^q^X-rr' where M is the molec- 
ular weight, has been found to be an additive property in the 
case of many organic liquids; 'that is, to each element a definite 
atomic refractivity can be assigned and from these values the 
refractivity of a compound of the elements may be calculated. 
More extensive studies, however, show that not only the nature 
of the elements in the compound but the arrangement of the 
atoms in the molecule must also be taken into account. Thus 
the molecular refractivities of the two compounds, 

H-C^C-C^Hs 
and H H 



C = C = C 

I I 

H H 

* 

will not be the same even though they have the same atomic com- 
position. Account must be taken of the fact that one molecule 
contains single and triple bonded carbon atoms while the other 
contains only single and double bonded carbon. Further in- 
vestigations have shown that the positions of the atoms in the 
molecule with respect to one another and to double or triple 
bonds also exert an influence upon their atomic refractivities, 
so that the whole question becomes a very complicated one. 
When employed with care, however, the measurement of the 
refractive index of an organic liquid may be and frequently has 

<» L. Lorenz, Formerly in the University of Copenhagen. 
* Hendrick Anton Lorentz, Professor of Physics in the University of 
Ley den. 
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beenof considerable value in determining its chemical constitution. 
This same statement holds in varying degrees with reference to 
many other physical properties. 

The extent to which a given physical property of an element 
in a compound is affected by the natures of the other elements 
with which it is combmed and by the manner m which its atoms 
are united with those of the other elements to form the mole- 
cule of the compound will obviously depend upon what character- 
istic of the element is chiefly operative in determining the magni- 
tude of the property in question. Thus, if the property is one 
whose magnitude depends upon the shape or the size of the 
atom or upon the nature of its motion in space, or if it depends 
upon the positions, number, or movements of the electrons in 
or near the surface of the atom, then it is not difficult to imder- 
stand why the property in question will be affected by chemical 
constitution, for each of the factors mentioned might easily be 
affected by the influences of the neighboring atoms in the mole- 
cule. Only in the case of physical properties which are practi- 
cally entirely determined by conditions within the core of the 
atom and thus removed from the influence of external condi- 
tions surrounding the atom, might we expect to find properties 
which are not affected by such factors as chemical constitution, 
pressure, temperature and state of aggregation. Mass is, of 
course, the principal and almost the only strictly additive prop- 
erty, that is, the total mass of any compound is always the sum 
of the masses of the elements which entered into reaction to form 
the compound, irrespective of the structure or composition of this 
compound. Nearly all other physical properties are constitu- 
tive properties to a greater or less degree depending upon the 
nature of the property. A recently discovered property, how- 
ever, seems to resemble mass in being unaffected by any external 
conditions surrounding the atom. We shall consider this prop- 
erty briefly. 

4. Penetrating Power of the Characteristic Rontgen Radia- 
tion of an Element. — When Rontgen** rays (X-rays) are allowed 
to fall upon a substance the substance in turn is caused to emit 

• William Conrad Rdntgen, F. R. S. (1845- ). Professor of Experi- 
mental Physics in the University of Munich. The discoverer of X- or Rfint* 
gen Rays. 
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secondary Rontgen rays whose penetrating power seems to be 
determined solely by the nature of the elements in the emitting 
substance. In the accompanying table (Table XIII) are shown 
the results of a series of measurements of the penetrating power 
of the characteristic Rontgen radiation of the element bromine 
in different compounds. The character of the emitted rays 

Table XIII 

Illustrating the penetrating power of the characteristic Rdntgen radia- 
tion of the element bromine in different chemical compounds and in different 
states of aggregation (Chapman, Phil. Mag., 21, 449 (1911)). 



Previous per 

cent, absorption 

byAl 


Per cent, absorption by Al (0.0062 cm. thick) 


Radiation from 


CaHBBr vapor 


NaBr solid 


BrOH soUd 



24 
42 
75 


24.1 
24.4 
24.1 
24.7 


24.8 
24.3 
23.4 
23.6 


24.0 
24.5 
24.2 



evidently appears to be quite unaffected by the chemical or phys- 
ical condition of the element. Similar measurements with the 
element iron show that its characteristic Rontgen radiation is 
the same at room temperature as it is at red heat and is identical 
from ferrous and from ferric compounds. The penetrating 
power of this characteristic radiation increases gradually and con- 
tinuously with increasing atomic weight of the emitting element 
being too small to be measured in the case of the elements with 
atomic weights less than 24. Unlike most of the physical prop- 
erties of the elements this property is, therefore, not a periodic 
function of the atomic weights. Its complete independence of 
external conditions surrounding the atoms indicates strongly 
that it is closely connected with the nature of the cores of the 
atoms giving rise to it. 

Within the last year (1913-14) a more exact study of the nature 
of characteristic Rongten radiations has become possible through 
the employment of crystals as spectrometer gratings, (V, 6) 
and in this way Moseley^ has found that the spectrum of the 
characteristic radiations is extremely simple, being composed 
of very few lines. The frequencies corresponding to these lines, 
moreover, are closely connected with the positions of the elements 
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in the periodic ^lystem xnd invegtigiiinna in. rina fieki arc gmnc 
118 a new insii^t into rhe ^dgniizcance *yi cfae pefioftte 9756EZIL and 
the relations of rhe piementa ^>o one another. ^ Tfaeae^ r>4a>ij«gighip 
will n?t*eive detailed ixmsideratioa in. a later chaptBE. ( Cbaptff 
XXVIL. 
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CHAPTER IX 

THE BROWNIAN MOVEMENT AND MOLECULAR 

MAGNITUDES 

1. The Brownian Movement. — In order to account for the 
known behavior of material bodies, they were early assumed 
(I, l)*to be made up of very small particles called molecules 
which were in a state of very rapid and constant unordered 
motion. The examination of a pure substance, a drop of liquid 
for example, with the highest powers of the best modem micro- 
scope fails to reveal the presence of any such rapidly moving 
particles, however, and hence, if the liquid is made up of such 
particles, they must be so small as to be beyond the range of our 
most powerful microscopes. How could the presence of these 
rapidly moving molecules be rendered visible? 

Suppose we were to stir into a liquid some insoluble substance 
in an exceedingly fine state of division, the particles of which were 
in fact so small that their presence in the liquid could barely be 
detected with the microscope. Now if the liquid is in reality 
composed of molecules moving to aod fro in all directions with 
the enormous velocities assigned to them by the molecular theory 
(see II, prob. 2), then it is clear that the collisions of the rapidly 
moving molecules with these small visible particles (called col- 
loidal particles) ought to set the latter into motion also and 
through a properly arranged microscopic system one should be 
able to observe and study the motion of these colloidal par- 
ticles. The presence of visible particles possessing an irregular 
motion was noticed in 1827 by Robert Brown, an English bot- 
anist while examining with the microscope a liquid containing 
some pollen grains. The cause of this irregular motion, called 
from its discoverer the Brownian Movement, was not suspected 
until a number of years later, however. The researches^ of 
Wiener (1863), Ramsay (1876), Delsaulx and Carbonelle (1880), 
Gouy (1888), and others demonstrated that the movement could 
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not he due to rK)nveetioii (Currents in zhe liquid, diat it was neflzly 
independent, of the nature of :he i^oiloidai pardcies. that it was 
more rapid the smaller the particiea and the ieas viscous the liquid, 
and that it waa penriatent ind never .?haneing; continuing day 
and nififht. month after month. It naa in fact been, observed in 
smatl quantities of liquid found in little pockets in granite and 
other rocks where it must have been shut jp for millions of yeans. 
All of *hese facts pointed to the theory drst suggested by Wieoer 
that the Brown ian Movement \a the result of molecular motion 
within ^he liquid. In other words the small visible colloidal 
particles are knocked about by colliding with the invisible mole- 
cules like foot halls in the midst of a L'rowd of invisible playeis. 
2. The Distribution cf CoUoidal Particles under tbe Tnfhtmnem 
of Gravity. — A liquid containing i^oiloidal particles is called a 
"colloidal solution" and if such a solution is kept undisturbed 
at a r»on8tant temperature for some time, the collokial particles 
are foimd to be distributed so that the density of thrir distribu- 
tion is j^eatest near the bonom of the vessel and decreases with 
heij^ht. This is a similar beiiavior to that shown by the atmos- 
phere afl one rises above the surface of the earth and Einstein' 
showed that, if the Brownian Movement is caused by molecular 
motion, the distribution of the panicies with height must follow 
quantitatively the law which governs the decrease in density 
of the atmosphere with height. This law can be readily derived 
from the p>erfect gas law and may be expressed as follows: 

^''^^W,^ Rf ^^' 

where />i and D2 are the densities of air at the heights hi and As 
respectively, M is the molecular weight of air (II, 12), g the 
accejerafiorj due to gravity, R the gas constant, and T the abso- 

liite terrif>^;rature. 

Problem 1. - J>n'ive the above equation from, the perfect gas law aasuming 
7' ff* b'i \rifU'.^ff!Hf\fint of A. 

For the rnole/riilar weight M we can put 

JIf = wN (2) 

" AWif.rf. Kinnf^in, flirir^ 1914, Professor of Theoretical PhysioB at the 
f Tni vrr«lty of Berlin . Formerly at the University of Zurich. 
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where m is the mass of one molecule (or collo dal part cle) and 
K is Avogadro's number (I, 6) and in the case of the colloidal 
solution, for m we can put, 

m= VD = V{D, - D,) (3) 

where V is the volume of the colloidal 
particle, and D, its "density in the 
solution," is equal to its absolute 
density, Dc, minus the absolute 
density, Di, of the hquid in which it 
is suspended. We thus obtain the 
relation 

' Dx 71, 

log,^ = log.^- = 



'D- 



RT 



(4) 



where Hj and Wa are the average num- 
ber of colloidal particles in any given 
volume at the heights Aj and Aa re- 
spectively, 

Perrin' was able to determine the 
numbers, nt and Mj, by photography 
(see Fig. 12) and by direct count, and 
the difference in level, hi — ki, could 
be read directly from the micrometer 
screw of the microscope. Since for 
a given colloidal solution the other 
quantities in equation (4) are con- 
stants, Perrin was thus able to make 
a quantitative test of the equation. 
In this way he found in one experi- 
ment* that the number of particles 
at four different levels were in the 
ratios, 116, 146, 170 and 200, while 
the values calculated from equation 
(4) for the same levels were 119, 142, 169 and 201. Numerous 
other experiments gave similar results thus confirming quanti- 

' Jean Perrin, Professor of Physical Clieniietry at the Sorbonne, Paris. 




F^o. 12.— Micrographs of 
a colloidal solution of nias- 
tio at three different levels 
I2ii apart. (Perrin, J. PhyB., 
Jan. ISIO, p. 24.) 
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tatively the theory that the Brownian Movement is the result 
of molecular impacts. 

But Perrin was able to go further than thia. By means d 
fractional centrif i^ation he was able to prepare unifonn colloids! 
particles of gamlx^e and of mastic of any desired size. He vae 
also able to measure the diameter and hence the volume oftbe 
individual particles by several different methods which gave 
concordant results. Knowing the volume of the particles it ia 
clear that equation (4) can be employed to calculate a value for 
N, Avogadro's number. For tbb purpose Perrin conducted & 
set of experiments in which the volume of the particles employed 
was varied fifty-fold, the density of the suspending liquid 
fifteen-fold, and its viscosity 250 fold in the different experimenta. 




Fio. 13. — Path of a colloidal Particle. (Reproduced from Let Atomu 
by J. Perrin.) 

From all of these experiments, however, substantially the same 
value,6 — 7 X 10", was obtainedforNandthisis the value whicb 
is found for this constant by a number of entirely different 
methods, again furnishing a strong quantitative confirmatioii 
of the theory of the cause of the Brownian Movement. 

3. The Law of the Brownian Movement. — If a given colloid^ 
particle be watched under the microscope it will be found to move 
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:^ through a very irregular and complicated path. Fig. 13 shows 
the horizontal projection of the path of a colloidal particle which 
2 occupied the position A at the beginning of the observation and 
_ which had reached the position B, t minutes later, having mean- 
while occupied successively all the positions indicated by the small 
dots. The distance from A to B in a direct line is called the 
horizontal displacement^ X, of the particle in the time <, and is 
determined by the energy of agitation of the particle and the 
resistance offered to its motion by the viscosity of the suspending 
liquid. Einstein was the first to derive the quantitative expres- 
sion for the displacement of a colloidal particle. On the assump- 
tion that the Brownian Movement was the result of the i;npacts 
of the molecules of the liquid with the colloidal particles he 
showed* that for a large number of observations the average 
value of the square of the horizontal displacement {X^) of a spher- 
ical colloidal particle in the time t ought to be 

where r is the radius of the particle and 17 the viscosity of the 
medium. In deducing this relation Einstein also assumed that 
the motion of the particle under a constant force / took place 
in accordance with Stokes'** Law, that 

67rr77 ^ ^ 

where u is the velocity of the particle. 

Equation (5) was tested by Perrin using his colloidal solutions 
of gamboge and mastic. He was able to show that the motion 
of the particles obeyed Stokes' Law and that the proportionality 
between X^ and t required by the equation of Einstein was also 
fulfilled. From his measured values of X^ he computed the value 
of N by means of Einstein's equation with the following very 
striking results '} 

" George Gabriel Stokes, Kt., F. R. S. (1819-1903), Lucasian Professor 
of Mathematics at Cambridge University. Author of many important 
contributions to hydrodynamics and optics. 
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the individual values from this mean being 10 per cent. It seems 
therefore safe to conclude that from the study of the Brownian 
!Movement in liquids, we find the value of Avogadro's Number 
to be N i= (6.9 ■ 10" ± 10 per cent.). 

4. The Brownian Movement in Gases. — Owing to the compara- 
tive simplicity of conditions in the gaseous state (XI, 3a) the 
determination of the value of N from the study of the Brownian 
Movement in gases offers fewer difficulties than in the case of 
liquids. Because of the greater distances separating the mole- 
cules of a gas, the collisions between the colloidal particles and 
the molecules are less frequent and the mean free paths (III, 2) 
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Fio. 14. — Illustrating the proportioaality between time and the square 
of the horizontal displacement of a colloidal particle, as required by Ein- 
stein's equation. (Nordlund, Z. physik. Chem., 87, 59 1914.) 

of the colloidal particles are, therefore, much longer than in 
liquids. Thus the average displacement of a given colloidal 
particle in a given time is increased 130-fold by transferring the 
particle from water to air at 1 mm. pressure. 

The most accurate study of the Brownian Movement in gases 
has been carried out by Milllkan and Fletcher at the University 
of Chicago. They employed a tiny drop of oil as the colloidal 
particle. Such a drop when watched through a telescope is 
seen to dart rapidly about to and fro in all directions and i^rxna 
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a very vivid picture of the motion of the invisible gas molecules 
through collision with which it is knocked about in this rapid and 
irregular fashion. From a large number (5900) of measurements 
of the displacements along one axis of 12 such particles; Fletcher 
has very recently^ obtained the value, N = (6.03 X 10*' ± 1.2 per 
cent.) for Avogadro's constant.. 

The accurate value (6.062 • 10*' ± 0.25 per cent.) for N given 
in Chapter I was obtained by Millikan* by an entirely different 
experimental method which will be described in Chapter XVI, 6. 
It will be noticed that the two most reliable values for N yielded 
by the Brownian Movement method agree with the above more 
exact value within the experimental error of their own deter- 
mination. 

m 

Problem 2. — The smallest colloidal particle which can be deteoted uiukr 
the ultramicroscope has a diameter of about 3 fifi. How many atoms an 
there in a spherical colloidal particle of gold having this diameter? How 
many in one of benzene? Densities 19.5 and 0.9. 

Problem 3. — Assuming the colloidal particles of gold 3 fifJL in diameter 
to be the "molecules" of a gas, what would the "molecular weight" of this 
gas be? What would be the molecular velocity, in miles per second, <rf 
these molecules at 0° ? The specific gravity of gold is 19.5. (Cf . II, prob. 2.) 

Problem 4. — Calculate the number of mercury molecules in one cubic 
centimeter of a Torricellian vacuum at 20**. (See Table IX, Chap. IV.) 

Problem 6, — Calculate the vapor pressure of a substance whose saturated 
vapor contains only one billion molecules per cubic centimeter at 20°. 
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CHAPTER X 
SOME PRINCIPLES RELATING TO ENERGY 

1. Energy. — Energy as a concept may be defined as the agency 
postulated by science as the underlying cause of all changes which 
we observe in the properties, or condition of any portion of the 
material universe. In accordance with the conditions under 
which it manifests its presence, energy is usually classified under 
the following forms: kinetic energy, gravitation energy, cohesion 
energy, disgregation energy, electrical energy, magnetic energy, 
chemical energy, radioactive energy, heat energy, radiant energy, 
etc. We shall not stop at this point to explain just what is meant 
by each of these terms as the explanations can be more conveni- 
ently given from time to time as we shall have occasion to employ 
the term«. A word of explanation is necessary, however, with 
regard to the term potential energy which we shall have occa- 
sion to employ in connection with the kinetic energy of molecular 
motion. 

Potential energy is usually defined as the energy which an 
elastic body or system possesses by virtue of its configuration, 
that is, by virtue of the relative positions of its component parts. 
Thus, if we apply a force to any system in such a way as to 
gradually and continuously change its configuration, using only 
the force necessary to bring about the desired change, we are 
said to do work upon the system. If the system is a perfectly 
elastic one, that is, if it will of itself on removal of the impressed 
force return completely to a configuration which as far as its 
energy is concerned is identical with its original configuration, 
then it is capable, in so returning, of doing an amount of work 
exactly equal to that expended in changing it from its first to its 
second configuration. In the second configuration, therefore, 
it is said to possess potential energy because it has a tendency 
of itself to change to another configuration as soon as the re- 
straint upon it is removed, and in so changing is capable ^^ 
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fctfmiiig a definite amount of work. Its potential energy in 
oonfiguration 2 is quantitatively defined as equal to the wori[ 
which the system is capable of performing in changing from 
configuration 2 to configuration 1. 

The following examples will serve to illustrate the concept d 
potential energy. A steel rod bent or twisted under tension, a 
stretched rubber string, and a compressed fluid, are all examples 
(tf systems possessing potential energy. A system composed of 
the earth and a stone held at any position above the surface of 
the earth also possesses potential en»^, for, if the stone is 
allowed to fall, it is capable of doing a definite amoimt of wA 
before it reaches the surface of the earth. If a stone of mass, m^ 
be thrown directly upward by the action of some force, it starts 
with an initial velocity ui, and, therefore, possesses an initial 
kinetic energy, \ mui^. As it rises its velocity steadily decreases 
until it finally becomes zero. Its kinetic energy also becomes 
zero at the same time. The systan composed of the stone and 
the earth is, however, now said to possess an amoimt of potential 
energy exactly equal to the initial kinetic energy of the stone, for 
in falling to the earth the stone will again acquire the kinetic 
energy, \ wiui^. Loss of kinetic energy in this case is accompanied 
by the gain of an exactly equivalent quantity of potential energy, 
the sum of the two remaining always the same. More generally 
st'rtteil, the capacity of the sj-stem for performing work is always 
the smne whatever be the position of the stone, until it has 
roturntni once more to the surface of the earth and its kinetic 
energy is oonverteii into heat. 

2. The Nature of Heat Energy. — ^If two perfectly elastic bodies, 
two i)u>loouK>8 of a monatomie perfect gas such as helium for 
f^xamplo, oollido with each other, the total kinetic energy pofl- 
rtoNHtuI l>y tlu> two b^niios is not changed by the collision. When 
It iiuMUitoiuio porftvt gas is heated, therefore, the heat which it 
iihrturlir* n1\o\iM all bo iisixi up in increasing the kinetic energy of 
trHnrilMtiM'v nu>tion of the molecules of the gas. This conclusion 
iri III prifiH^i aooonl with the experimental facts concerning the 
bponitiii \\\H\{ of nionatomio gases. The total heat content of a 
iDMciei ill' i\ luouatouuo potftvt gas Containing n molecules would, 
thurrtforn, lu) |lH»Ml^ whcr^> \fi^u^ is the mean translatory kinetic 
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If the gas is di-, tri-, or polyatomic, however, this would not 
essarily be the case, for in a collision between two such mole- 
"^^^^es some of the energy of the collision might go to increasing 
•^^e distances separating the atoms within the molecule and 
^l^ould thus be doing work against the forces holding the atoms 
r^^^ their positions or orbits. The corresponding increase in the 
*^^%itra-molecular energy would be classed as an increase in intra- 
^^^olecular potential energy because it is r^arded as existing by 
^Wirtue of the new configuration of the molecule. An increase in 
^iLntra-molecular kinetic energy might also occur because some of 
''^%he energy of the collision would probably go to increasing the 
"^bration or oscillation of the atoms within the molecule. Simi- 
larly when heat is absorbed by a liquid, a crystal, or a com- 
^pressed gas, part of the energy may be used up in doing work 
.against internal forces acting between molecules or between 
atoms within molecules. It therefore becomes inter- or intra- 
molecular potential energy. When heat is abstracted from such 
a body by thermal conduction this inter- and intra-moleculat 
I>otential energy is first transformed into unordered molecular 
kinetic energy and is then given up to the surroundings. Hence 
as far as our purposes are concerned this molecular potential 
energy acts like a reservoir of molecular kinetic energy since it 
is not accessible to us except by previous transformation into 
unordered molecular kinetic energy.^ Viewed from the stand- 
point of its availability for purposes of doing useful work, there- 
fore, any form of energy may be, and in fact must be, classed 
with heat energy if it is of such a nature that we are not able, 
even in principle, to abstract it from a system until it has first 
been converted into unordered molecular kinetic energy or 
unordered vibratory radiant energy. 

The quantity of heat energy which must be imparted to one 
gram of any pure substance in order to raise its temperature 
one degree without change of state is called the specific heat 
capacity of the substance and the product of the specific heat into 
the molecular or atomic weight is called the molal (or molecular) 
heat capacity or the atomic heat capacity. The subject of specific 
heats will be considered more in detail in a later chapter. 

^ Or unordered vibratory motion in the ether in case it is transmitted from 
the body by radiation. 
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3. The First Law of Thermodynamics. — We have just seen 
that the heat content of a body or system of bodies arises bim 
the kinetic and potential energy possessed by its moving atoms 
and molecules. In addition to its content of heat energy a b^ 
tem may, of course, contain energy in other forms (chemical or 
electrical, for example) and the total amount of all forms of 
energy which any system contains is called its total energy or 
its internal energy and is represented by the letter V. We 
know nothing as to the magnitude of the total energy of any 
system but when any change takes place in a system there is 
usually a corresponding change in its total energy, either a de^ 
crease due to its giving up some of its energy to the surround- 
ings or an increase through receiving energy from the surroimd- 
ings. These changes in the total energy of a system we are able 
to study and to measure, and experience has shown that they 
obey the following law, known as the law of the conservation of 
energy or the First Law of Thermodynamics : When a quan- 
tity of energy disappears at any place a. precisely equivalent 
quantity appears at some other place or places; and when a 
quantity of energy disappears in any form a precisely equivalent 
quantity simultaneously appears in some other form or forms. 
In other words energy can neither be created nor destroyed. Two 
quantities of energy are said to be equivalent if, when converted into 
the same form (heat, for example), they yield identical amounts 
of that form. Thus if a certain amount of radiant energy be 
entirely absorbed by 1 gram of water with the result that the 
temperature of the water rises 1°, the amount of radiant energy is 
equivalent to 1 calorie of heat energy. If a certain quantity 
of electricity flows through a coil of wire immersed in one gram 
of water and thereby produces a rise of one degree in the tem- 
perature of the water, the electrical energy is equivalent to one 
calorie of heat energy, and the quantities of radiant energy and 
of electrical energy involved in these two experiments are, 
therefore, equivalent to each other. 

It has been found convenient to divide the change in total 
energy which accompanies any process taking place within a 
system into two classes, designated as heat, Q, and work, F, 
respectively. The reason for this division lies in a practical 
difference between heat energy, on the one hand, and all other 



Sec. 3] SOME PRINCIPLES RELATING TO ENERGY 97 

fonns of energy on the other hand, which difference is the cause 
of a certain restriction upon our ability to transform heat energy 
into other forms of energy. This difference is due to the fact 
that in the case of heat energy (and in this class are included 
certain forms of radiant energy) the motion of the moving parts 
is unordered, or random motion, while in the case of all other 
forms of energy involved in any process of energy transformation 
or transference the movement of the parts whose motion gives 
rise to the energy in question is ordered motion, that is, it is 
directed in one or two or at most a few definite directions, instead 
of having the random character of molecular motion. 

On the basis of the above classification of energy it follows 
from the conservation law that when any process takes place 
within a system, the corresponding change in the total energy 
of the system must be made up of the work of the process and 
the heat of the process, or more exactly smted, the increase, 
A?7, in the total energy, U, of any system, which occurs when any 
process or change takes place within the system, is equal to the 
quantity of heat, Q, absorbed by the system from the surround- 
ings, diminished by the quantity of work, W, done by the system 
upon the surroundings, or in mathematical language, 

AU = Q-W (1) 

This equation is the mathematical formulation of the First Law 
of Thermodynamics. 

The following example is an illustration of its application to 
a specific process: If a mixture of hydrogen and oxygen in a 
cylinder provided with a weighted piston is exploded, the force 
of the explosion will raise the weighted piston through a certain 
distance against the force of gravity and there will be a simul- 
taneous evolution of heat which will be gradually taken up by 
the surroundings. Suppose the weight lifted to be 10,000 grams 
and that it is raised 10 meters. The work done upon it would 
be 10,000X1000X980 ergs, where 980 (dynes) is the accelera- 
tion due to gravity. This is 9,800,000,000 ergs or 980 joules 
and is evidently work done upon the surroundings by the sys- 
tem since it is done against a force, gravitation, exerted by the 
surroundings upon the weighted piston. Since one calor-^ '-^ 
equivalent to 4.2 joules, the above quantity of work is equ 
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980 
to 7^ = 233 calories. Suppose that the heat evolved by the 

explosion is 1000 calories. The quantity, Q, therefore, in equa- 
tion (1) would be —1000 calories, since Q has been so defined as 
to be positive when heat is absorbed by the system from the 
surroundings. For the increase, At/, in the total energy of the 
system which results from the above process we have, therefore, 

A?7 = Q-Tr= -1000-233= -1233 cal. 

or, in words, the total energy of the system has decreased by 
1233 calories, since the value of At/ comes out with a n^ative 
sign. The above example of the application of the equation of 
the First Law brings out the fact, which the student should always 
keep in mind, that before two energy quantities can he employed 
together in an equation they must first he expressed in terms of the 
same energy unit. 

4. Corollaries of the First Law. — A little consideration will 
show that the following two statements are necessary conse- 
quences of the First Law of Thermodynamics: 

1. The total energy of any system in a given state or condition 
is, for the system in question, a definite characteristic of that 
state and is independent of the manner in which the system 
reached that state. 

2. When a system changes from a state. A, where its total 
energy is Ua, to some other state, B, where its total energy is 
Ub, the increase in total energy, AU= Ub-Ua) which accompanies 
this change is independent of the process by which the change is 
brought about. 

For example, one gram of the substance, water, in the form of 
ice at a temperature of — 10° and a pressure of one atmosphere 
contains a definite amount of energy which is the same for every 
gram of water in this condition irrespective of the previous his- 
tory of the water provided it has been in this condition for 
sufficient time to reach a state of equilibrium. If we wished to 
convert a gram of water in the above condition into one gram of 
water vapor at a temperature of 200° and a pressure of one-tenth 
of an atmosphere, we could do so in a variety of different ways. 
^^r example, we might first reduce the pressure upon the ice 
' had all evaporated and then the vapor could be heated 
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» 200° and the pressure brought to one-tenth of an atmosphere; 
jr, we might first melt the ice, heat the resulting water to boil- 
kgi boil it all away and then heat the steam to 200° and bring 
the pressure to one-tenth of an atmosphere; or, we eonid dissolve 
Ithe ice in an aqueous solution of sulphuric acid and pass a current 
fflf electricity through this solution between platinum electrodes, 
until one gram of a mixture of hydrogen and oxygen gases were 
fCTolved. This mixture could then be exploded and the water 
;Vapor formed could be cooled to 200° and the pressure upon it 
jttought to one-tenth of an atmosphere. By whatever process 
She above change is brought about, however, we should find that 
lUie total energy change accompanying the process is always the 
same irrespective of the nature of the process. 

5. Work and Energy Units. — The work associated with any 
process may always be regarded as ordered motion taking place 
nnder the influence of a force, /, and when so regarded, is quan- 
titatively defined as the product of the force into the distance 
through which it acts. On the basis of this definition it can be 
feadily shown that in the case of a change in the volume of a 
Jyslem against a pressure, the work done by the system is equal 
[to the product of the increase in volume, Av, and the pressure, p, 
Under which it takes place or, for an infinitesimal volume increase, 
Fehave 

dW = pdv (2) 

■If the pressure is constant dining the change in volume, the in- 
tegral of this expression is 

W = p{v^-v,)=pAv (3) 

'"here wi and uj are the initial and final volumes, respectively. 
'H the pressure is expressed in atmospheres and the volumes in 
litere, the corresponding energy unit is called the liter-atmosphere, 
one liter-atmosphere being defined as the work done when a 
Volume increase of one liter occurs against a constant pressure 
•^ one atmosphere. 

hi the case of electrical work our definitions of electrical 
Quantities are such that the electrical work done when a current 
^electricity flows under a diiterence of potential is equal to thf^ 
Quantity, q, of electricity multiplied by the difference of p^Setw^ 
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tial, E, under which it flows. If the quantity of electricity is 
expressed in coulombs and the potential diflference in volts, the 
product will be volt-coulombs or joules. 

Work, heat, or any form of energy may, of course, be expr^sed 
in any one of the various energy units, ergs, joules, calories, or 
liter-atmospheres. The definitions of the various units have 
already been given in the Introduction. They are related to 
one another quantitatively by the following equations: 

1 liter-atmosphere =24.207 cal. 
1 cal. = 4. 184 joules 

1 joule (by definition) = 10^ ergs. 

6. The Relation Connecting Heat of Fusion, Heat of Vapor- 
ization, and Heat of Sublimation. — 

Problem 1. — Prove that the First Law of Thermodsmamics requires that 
the molal heat of fusion (Lp), of vaporization — of the liquid — (L,), and of 
sublimation (L«), in the case of any substance shall be connected by the 
equation, 

L.=Lp+L, (4) 

provided all of the processes mentioned occur at the same constant tempera- 
ture, Tf and pressure, P. 

Problem 2. — In order to melt one gram of ice at 0** and a pressure of ooe 
atmosphere 79.60 calories of heat are required. To convert 1 gram of wato 
under the same conditions into saturated vapor requires 2494.6 joules of 
energy. How many calories of heat will be evolved during the depositioo 
of 18 grams of hoar frost from saturated air at 0°? 

7. The Second Law of Thermodynamics. — With respect to 
the transformation of work into heat (that is, of ordered or 
directed motion into unordered or random molecular motion) 
our experience teaches us that there is no restriction except that 
contained in the First Law of Thermodynamics which merdy 
requires that in such a transformation the amount of heat pro- 
duced shall be exactly equivalent to the work expended, or in 
other words that there shall be neither destruction of energy nor 
creation of energy out of nothing. But with respect to the 
reverse transformation of heat into work (of random molecular 
motion into directed motion of some kind), our experience teaches 
us that there are certain practical restrictions imposed by nature 
in addition to those contained in the statement of the first Law. 
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The complete statement and description of the nature of these 
restrictions comprises what is known as the Second Law of 
Thermodynamics. 

That some additional restriction is perhaps to be expected, 
knowing as we do the random natm'e of the motion which gives 
rise to heat energy, will be appreciated from the following con- 
siderations: In the case of a moving mass large enough for us 
to control it as an individual we can theoretically convert all 
or any part of its kinetic energy into some other form of useful 
energy, or in other words, can make it do any desired form of work. 
In the case of a moving molecule, however, the moving body is 
too small for us to control its motion as an individual. We 
can see, therefore, at once that, as far as we are concerned, the 
kinetic energy of such a small particle as a molecule is not avail- 
able for our uses in the same sense as that of a body large enough 
for us to control as an individual. Suppose, however, that we 
have a very large number of small particles all moving in the 
same direction, or of whose motion there is a sufficiently large 
component in some one direction. We have such a situation, 
for example, in a metallic wire through which a current of elec- 
tricity is passing. The current consists of a stream of electrons 
(I, 2g) which at any moment are all moving in one direction 
through a given cross section of the wire, or at least the motion 
of every electron has a positive component in this direction. In 
such a case the particles are likewise too small to be controlled 
as individuals but they have a resultant kinetic energy in one 
direction which is large enough for us to control and we are thus 
able to transform this energy into some desired form of useful 
work. 

In the case of heat energy, however, we are dealing with a very 
large number of particles, too small to be controlled as individu- 
als, and whose motion is perfectly at random; that is, if we were 
to resolve the motion of all the molecules of a gas or a liquid in 
any direction whatever, the resultant motion and hence also 
• the resultant kinetic energy in this direction for any finite inter- 
val of time would be zero, as far as our purposes are concerned. 
In order, therefore, to convert unordered molecular kinetic 
energy into ordered kinetic energy, that is, in order to trans- 
form heat into work, we are obliged to slow up all of the moving 
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molecules, or in other words, to reduce their average kinetic 
energy and hence to lower the temperature of the body from 
which we wish to take the heat energy. 

For example, when a gas expands and raises a weight it does 
work, but in doing so it always cools off, that is, the avafige 
kinetic energy of its molecules decreases, the total decrease in 
the molecular and atomic kinetic and potential energy being 
exactly equivalent to the work done. If the gas is kept in a 
large heat reservoir during its expansion, it will take up heat from 
the reservoir which in turn will cool down. That is, the heat 
energy necessary for performing the desired work will come from 
the reservoir instead of from the gas itself, and, if the heat rese^ 
voir is large enough in comparison with the amount of gas em- 
ployed, the amount by which it is cooled down will be infinitesimal, | 
since the decrease in molecular energy will be distributed over 
such an enormous number of molecules that the average kinetic 
energy of each molecule and hence the temperature of the reser- 
voir would remain practically unaltered. For practical purposes, 
therefore, we may regard a compressed gas in good thermal con- 
tact with a sufficiently large heat reservoir (such as the ocean, 
for example) as a device for converting the heat energy of the 
reservoir into useful work at practically constant temperature 
and as long as our supply of compressed gas lasted we might go 
on converting heat into work in this manner. Large supplies of 
compressed gas are not available, however, and if we attempted 
to compress the gas after expansion with the idea of using it over 
again, we would find that, even under the most theoretically 
perfect conditions, it could not be compressed to its original 
pressure except by the expenditure of at least as much work as 
could be obtained from it during the expansion described above. 
Practically we would always find that more work would be 
required. In other words the operation could not be worked in 
a cycle for the purpose of transforming heat into work. In fact 
all of our experience leads to the conclusion that: 

A system or arrangement of matter operating in a cycle can- 
not transform heat into work in surroundings of constant tem- 
perature. This statement evidently constitutes a restriction 
upon the transformation of heat into work and is part of the 
Second Law of Thermodynamics. The rest of the law has to do 
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with the transformation of heat into work by a machine operating 
between two temperatures. 

If we place a body having the temperature, Ti, in thermal con- 
tact with a colder body having the temperature, T2, we invariably 
find that heat flows from the hot body to the cold body and never 
in the reverse direction. That is, heat energy will never of itself 
flow from a lower to a higher temperature but only in the reverse 
direction. This result can be shown to be a necessary consequence 
of the laws of mechanics applied to a mechanical system composed 
of moving masses such as the molecules of a body and from the 
kinetic point of view is equivalent to the statement that, if a 
system composed of a large number of moving masses, such as the 
molecules of a perfect gas, having the average kinetic energy, 
^ mui^, is brought into contact with a second similar system hav- 
ing the average kinetic energy, i mu^^ in such a manner that a 
distribution of momentum and of kinetic energy can occur, the 
resultant transfer of kinetic energy will necessarily be in the 
direction of the system having initially the smaller value of 
\ mu^. Whenever, therefore, two bodies of matter at different 
temperatures are brought into thermal contact in any way there 
will occur a transfer of molecular kinetic energy (i.e., a flow of 
heat) from the hotter to the colder body. In this flow of heat 
just as in the case of the moving electrons described above, we 
recognize once more, the transfer of a finite amount of ordered or 
directed kinetic energy in one direction and there exists, therefore, 
just as in the case of the electric current, the possibility of 
transforming this directed energy into some form of useful work.^ 

' The statement that heat will, of itself, flow only from a higher to a lower 
temperature and never in the reverse direction is one of the several methods 
of expressing the basic principle upon which the Second Law of Thermody- 
namics rests. This basic principle regarding the imi-directional autogenous, 
flow of heat is, moreover, usually regarded as essentially a new principle, 
that is, one which cannot be derived from the law of conservation of energy 
and the ordinary principles of mechanics. This view, however, becomes 
unnecessary if we accept the kinetic interpretation of the meaning of heat 
energy. That is, if we regard the heat energy of a material body or system 
as the energy which it possesses by virtue of the unordered motion of its 
atoms and molecules, then it follows from the ordinary principles of mechanics 
that the transfer of heat energy can only take place from a higher to a lower 
temperature. The criterion by which we determine which of two bodies 
or systems has the higher temperature then becomes the following: Let 
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This being the case, the question naturally arises as to how much 
ordered or directed kinetic energy is associated with the passage (rf 
a quantity of heat from a higher to a lower temperature, for it is 
this ordered energy only which is available for transformatioQ 
into useful work.^ In order to discover this it will only be neces- 
sary to carry out a couple of "imaginary experiments." Suppose 
we have two large heat reservoirs each of practically infinite heat 
capacity. Let the first reservoir have the temperature, Ti, and 
the second, the temperature, T2, and let the tw6 reservoirs be 
very close together but insulated from each other so that no trans- 
fer of heat from one to the other occurs. We will suppose, 
fiuiiher, that in the interior of the first reservoir we have a quantity 
of some monatomic, perfect gas, such as helium under low pres- 
sure, for example. 

Let the following imaginary experiments be carried out: (1) 
Place the two reservoirs in thermal contact for such a length of 
time that a finite quantity, Qi, of heat passes from the first reser- 
voir to the second. The passage of this heat may be assumed to 
take place either by radiation, or by conduction (along a metallic 
connecting rod, for example), or by any other mechanism what- 
soever. After the passage of this quantity of heat the two reser- 
voirs are again completely insulated from each other. 

a quantity of a perfect gas be placed in thermal contact with the first system 
for a sufficient time for thermal equilibrium to establish itself. Call the 
average kinetic energy of the molecules of the gas under these conditions, 
\ mui^. Now take the gas and place it in thermal contact with the second 
system until thermal equiUbrium is established. Its average molecular 
kinetic energy is now i mu^^. If J mwi* = i mw2*, the two systems are said 
to have the same temperature. If the two kinetic energies are not equal 
then the system in which } mu^ has the greater value is at the higher 
temperature. 

' The amount of ordered kinetic energy involved in the transfer of a given 
quantity of heat, Q, from Ti or T2 is a definite characteristic of the quantity 
Q and the two temperatures T\ and T2 and is independent of the manner in 
which the transfer occurs. For, if this were not the case, that is, if the 
amount of ordered kinetic energy associated with the passage of Q calories 
of heat from Ti to T2 by one process of transfer were different from that by 
some other process of transfer, it can be readily proved that the two processes 
could be combined in such a way as to yield a result which would amount 
simply to an autogenous flow of heat from a lower to a higher temperature, a 
result which has been shown above to be impossible. 
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Now as far as the transfer of energy is concerned, the net result 
of the above experiment can be exactly duplicated by the follow- 
ing process: (2) Take from the first reservoir such a number, n, 
of molecules of helimn gas that the total kinetic energy, ^ nmui^, 
possessed by them shall be the exact equivalent of the quantity 
of heat, Qi, which flowed from the first reservoir to the second, in 
"the process just described. Transfer this quantity of gas bodily 
"to the second reservoir and allow it to come into equilibrium with 
■fche reservoir keeping its volujne constant. The gas will give up 
some of its energy to the second reservoir and will thus attain the 
tieinperature, T2, of this reservoir, at which temperature its mole- 
cules will have the total kinetic energy, i nmui^. If the gas be 
now returned to the first reservoir again, the whole system will be 
in the same condition as it was at the end of our first experiment. 
It is clear that the net result of our second experiment consists 
asimply in the transfer of the quantity of kinetic energy, \ nmui^ 
— ^ nmu2^y in a definite direction; that is, from the first to the 
second reservoir, from Ti to ^2. This represents ordered or 
directed energy and is, therefore, available for conversion into 
useful work with the aid of some suitable mechanism whose 
nature we are not at present concerned with. Since, as explained 
in footnote 3 on the preceding page, the quantity of ordered or 
directed kinetic energy involved in the transfer of a given quan- 
tity, Qi, of heat from Ti to T2 is independent of the way in which 
the transfer occurs, the relation 

n(§ mui^ — § mu2^) = W (5) 

is a perfectly general expression for the available work of such a 
transfer. In this expression n represents that number of mole- 
cules of a monatomic perfect gas which at the temperature, T], 
have a total kinetic energy, J nmui^, equivalent to Qi and which 
at the temperature T2 have the total kinetic energy, ^ nmu2^, 

8. Garnet's Equation. — Equation (5) really represents the es- 
sence of the Second Law of Thermodynamics. It is customary, 
however, to express the Second Law equation in terms of quantity 
of heat and temperature rather than in terms of molecular kinetic 
energy. Before translating equation (5) into these terms, how- 
ever, we will first define the terms engine^ heat engine^ and per- 
fect engine. 
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to it constitutes one of the common fonns of stating the Second 
Law of Thermodjmamics. 

In order to obtain Camot's equation from our equation (5) 
we will first multiply and divide the left hand member by \nmui^, 
and obtain 



n{\mu\^) 



^W (6) 



Now it will be recalled that \nmui^ is the quantity of heat energy 
possessed by the n molecules of helium gas at the temperature Ti 
and represents therefore the quantity of heat, Qi, which was 
transferred from the first to the second reservoir (from T\ to T^), 
in the process described above. Equation (6) may, therefore, 
be written 



^mui^ 



Qi=W (7) 



and since according to equation (29, II), the mean kinetic energy of 
the molecules ' of a perfect gas is proportional to the absolute 
temperature of the gas, our equation becomes 



or 






'Qi = W (8) 



ijr-Qi = W (9) 



which represents Carnot's method of expressing what is now 
called the Second Law of Thermodynamics. 

From our method of deriving this relation it is evident that the 

Ti'-T2 
fraction — j^ — is that part of the Qi units of heat which repre- 
sents the amount of ordered or directed kinetic energy which is 
transferred from Ti to T2 and which is, therefore, available for 
performing useful work. Stated in other words, equation (9) 
signifies that any heat engine which operates between two tem- 
peratures, Ti and T2, in such a manner that it takes up Qi units 
of heat at the temperature, Ti, and converts part of it into work 
can never, even under the most favorable conditions imaginable 

(i.e., those attained with a perfect heat engine), convert more than 

T —T 

the fraction, — rn — > of this heat into work, for this fraction, 
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»34 per cent, of the heat energy of the steam into mechanical 
work. The most efficient 1000-H.P. steam engine which has 
ever been constructed,* when working under substantially the same 
conditions converts only 25 per cent, of the heat energy it receives 
into useful work, while for most steam engines as employed in 
practice this figure will average only about 8-10 per cent. 

When figured on the basis of the total available energy obtain- 
able from the coal, the efficiency is much smaller even. It can 
be shown that every gram of carbon which is burned to COi 
should theoretically be capable of yielding about 34,000 joules 
of energy (at ordinary temperatures) in the form of useful work. 
This amount of carbon, if burned under conditions analogous to 
those imder which coal is burned in the best modern boiler prac- 
tice, will deliver to the engine about 27,000 joules of energy in 
the form of heat and 25 per cent, or 6800 joules of this would be 
converted into useful work by the 1000-H.P. engine -mentioned 
above. That is, the most efficient modern engineering methods 

can obtain from coal only about, oTtjoq or 20 per cent, of its 

theoretical work producing power. The remaining 80 per cent. 
is lost.* Under average working conditions only 5-7 per cent, of 
the energy of ihe coal is obtained in the form of useful work. It 
is evident, therefore, that modern methods of converting the 
energy of coal into useful work are really exceedingly wasteful. 

9. Free Energy and the Principle of the Degradation of Energy. 
— In addition to the energy which is obtainable from the chemical 
reaction, C-f-02 = C02, which represents the combustion of car- 
bon, many other chemical reactions are also capable of yielding 

* A Nordberg, air compressor, quadruple expansion engine with regenera- 
tive heating system. For the tests on this engine see Hood, Trans. Amer. 
Soc. Eng., 1907, p. 705. 

* By employing mercury vapor instead of water vapor as the working 
medium, the efficiency of a vapor heat engine could be increased, because 
the boiling point of mercury (357°) is 257° higher than that of water and a 
higher initial temperature (Ti) could, therefore, be employed. Recent 
experiments by Emmet (Proc. Amer. Inst. Elec. Eng., 33, 473 (1914)) 
indicate that a mercury vapor engine connected in tandem with a steam 
engine would show a 45 per cent, increase in efficiency (per lb. of fuel) over 
the steam engine alone. An experimental engine of this kind is under process 
of construction. 
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aergy which can be made available for the production of work. 
^ f aot| in the case of evesry process whether chemical or physical, 
rhich tends to take place of itself, a portion of the total en&gy 
[ecrease, —A (7, which accompanies the process can always be 
ibtained in the form of useful wc^k, if the process is allowed to 
ake place in a suitable mann^. The maximum amount of work 
(rhich the process is theoretically capable of yielding when 
tarried out in such a way as to operate a perfect engine of some 
iharacter is called the **free energy,'* A, of the process. The 
ree energy of a chanical reaction is an important and charac- 
teristic prop«ty of the reacticm. 

In ord^ to make clearo* the distinction between the free energy, 
4, of a reaction and its total energy, —^U, we will consider the 
[«hemical reaction. 

Zn+ HgaS04+7HiO = ZnS04-7Hrf)+ 2Hg 

which occurs when a rod of metallic zinc is placed in an aqueous 
acdution saturated with m«^urous sulphate. In this reaction 
the zinc dissolres and throws out the mercury. When allowed 
to occur in this way. there is evidently no work* done by this reac- 
tion and the total energy, —At*. liberated by the reaction must 
appear entzrely in the form of heat. That is, by the Mrst Law 
(equaticm .1^^ we have 

-Af'= -Q = S1.320 cal. of heat evolved. 

If instead of allowing the reaction to proceed in the above way, 
n-e place the m«icur>* in the bottom oi a tube, cover it with a paste 
of moroun>us sulphate and then fill the tube with a saturated solu- 
tii>n of Rino sulphate in which the nod of zinc dips, we will find on 
oiMU\tvting the zinc and the mercury to the t^minals of a volt- 
meter that there exist.s a diifterence of potential between them 
aiuountJtVj; to h4*-M^ vohs a: IS^"^ and if they be connected to the 
tennimvls of a pcrftvt oUviric motor, a current of electricity 
OU:viHH> coulombs of ouvTricity for each atomic weight of zinc 
iiKssi\|\ <^^^ >\ ill pjU'^^ thrx^ijgh the n^.otor during the time the above 
i't^ao(\ou \s tiiku^g pl:u\\ Aiui this current can thus be made to do 
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E^ul work. The maximum amount of work which it is capable 
L<ung represents the free energy of the reaction and is evidently 
^an by the expression (X, 5) 

L = E X g = 1 .429 volts X 193,000 coulombs = 275,800 joules = 

275800 _.^. , . 
. ^oA =65,880 calones. 
4.184 

e rest of the energy of the reaction appears in the form of heat 
51 amounts to —Q2 = 15,440 calories. We have, therefore, 

-AC/= -Q+W^= -Qz+il = 15,440+65.880=81,320 calories. 

Most of the processes which occur in nature and in the indus- 
es take place in such a way that the whole or the greater part 
"the energy which they give out appears entirely in the form of 
at which is then radiated and conducted away to the surround- 
gs and thus is no longer available for the production of work, 
lis constant transformation of available energy in various 
cms into unavailable heat energy is called the degradation of 
«rgy and the Second Law of Thermodynamics is sometimes 
lied the Principle of the Degradation of Energy because it 
►ints out that heat energy at the temperature of our surround- 
gs is not available for transformation into useful work. The 
inciple of the Degradation of Energy is more comprehensive 
an the Second Law of Thermodynamics as embodied in the 
imot equation, however, for there are other ways in which 
e capacity of a system for doing work can diminish besides the 
3re conversion of a part or the whole of its available energy into 
at. For example, when a gas is allowed to expand into a 
,cuum it does no work. Some of its work-producing power has 
en lost by the process, however, for it might have been made to 
b a weight during its expansion. Many other examples of 
ocesses which are attended by a loss of work-producing power, 
at is, a loss of ''free energy" as it is also called, might be cited 
id our experience teaches us that the available energy of our 
>rld is constantly decreasing owing to the continual occurrence 

such processes in nature and in the industries. This state- 
ent is the Principle of the Degradation of Energy. According 

the first principle of energy (Principle of Conservation) the 
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would have a constant stream of vapor passing by the position 
aa' in the direction A— >B and by placing a turbine at this 
point we could obtain work from a system working in a cycle 
at constant temperature which would be contrary to the 
Second Law of Thermodynamics (X, 7). Hence the vapor 
pressure of the liquid cannot be greater than that of the solid. 
In the same way it can be shown that the vapor pressure of 
the solid cannot be greater than that of the liquid. They must, 
therefore, be equal and the freezing point is, therefore, the point 
at which the vapor pressure curve of the liquid intersects that 
of the solid. (See Fig. 16.) 

By a similar method of proof it can be shown that if any two 
phases are both in equilibrium with a third phase they are in 
equilibrium with each other. 

11. Free Energy and the Camot Equation. — Since in equation 
(9) W represents the maximum work obtainable from Qi units 
of heat by means of a perfect heat engine, it also represents 
the free energy of the process which occurs during the op- 
eration of the engine, Qi being the heat of the process (heat 
absorbed) at the temperature Ti. In equation (9) we may 
therefore write W = A and, if we also put T2 = T and Ti = 
T + dr, we have 

dA=Q^ (10) 

which is a convenient way of expressing the Second Law so as 
to show the manner in which the free energy of any process 
changes with the temperature at which the process occurs, the 
temperature being understood to remain constant while the 
process in question takes place. Q is similarly the heat ab- 
sorbed during the occurrence of the process in a perfect engine 
at the temperature T. In order to integrate this equation and 
thus obtain an expression from which the free energy of any 
process (a chemical reaction, for example) can be computed at 
any temperature, it is first necessary to express Q as a function 
of T. Methods for doing this will be discussed in Chapter XX. 
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CHAPTER XI 

SOLUTIONS I: DEFINITION OF TERMS AND 
CLASSIFICATION OF SOLUTIONS 

1* Definition of a Solution. — In our first chapter (I, 2) ne 
applied the term mixture to any material which is composed of. 
more than one species of molecule. In this and the following 
chapters we shall deal with an important class of mixtures known 
as solutions. A solution may be defined as a one-phase system 
composed of two or more molecular species (see definition of 
phase, I; 8). The exact significance of this definition will be 
more easily understood from the foUoydng considerations. 

If we grind together sugar, C12H22O11, and sand, SiOs, we can 
obtain an intimate mixture of these two materials, but on doee 
examination we can readily recognize the presence of two 
crystalline phases, namely, crystals of pure sand and crystals of 
pure sugar, in the mixture. This mixture is, therefore, hetero- 
geneous (I, 8) and is hence not a solution. Similarly, if we shake 
together (1) liquid mercury and liquid benzene, or (2) liquid 
mercury and gaseous nitrogen, or (3) liquid mercury and sugar 
crystals, we obtain in each instance systems in which the presence 
of two phases is readily recognized. Moreover, a chemical exami- 
nalion of the liquid and the crystalline phases in each of the above 
systems would fail to give any evidence of the presence of more 
than one molecular species within the phase, and without such 
evidence we could not class any one of the phases as a solution. 

By bringing together (1) liquid water and liquid alcohol, or 
(2) liquid water and gaseous hydrochloric acid, or (3) liquid water 
and sugar crystals, however, we can obtain in each instance a 
one-phase (i.e., homogeneous) system in which the presence of 
more than one molecular species can be readily ascertained. We 
obtain, therefore, in each of these cases a solution. 

114 
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In a true solution,^ aftei* equilibrium is reached, the individtuil 
molecules of the different molecular species present are intimately 
and uniformly mixed with one another, or, in another phraseology 
which is frequently used, the different component substances 
which were brought together in order to prepare the solution 
have become molecularly dispersed in one another. The dif- 
ferent molecular species of which a solution is composed will 
be called its molecular components and the substances corre- 
sponding to these molecular species, or more generally the sub- 
stances of which the solution is considered to be composed, will 
be called its components or its constituents* For example, a 
solution whose constituents are the pure substance, sugar, and 
the associated substance, water, has the following molecular com- 
ponents: (^20), (H20)2, (HaO)3, O12H22O11, Ci2H220u-(H20)., 

and possibly others. 

2. Associated Substances as Solutions. — An associated sub- 
stance (III, 5) such as water must, strictly speaking, be itself 
classed as a solution since it contains more than one species of 
molecule. It is a solution of a peculiar character, however, 
because the different molecular species all have the formula 
(H20)a., where x is an integer, and these species are, moreover, all 
in chemical equilibrium (I, 9) with one another, the equilibrium 
being established so rapidly that we are unable to separate any 
one of the molecular species from the others. Chemically, there- 
fore, and in many ways physically also, water behaves as it 
would if it contained only the molecular species, H2O, and is for 
this reason commonly spoken of as a "pure substance." Re- 
garded as a solution, water is considered to be made up of the 
substances hydrol, H2O, dihydrol, (£[20)2, trihydrol, (H20)3, 
etc., no one of which, however, has as yet been obtained in the 
pure condition, at least not as a liquid. Owing to the fact that 
in so many ways an equilibrium mixture, such as water, resem- 

^ The term ''true" solution is used here because of the existence of the 
dass of systems to which the name ''colloidal solutions'' has been given. 
These systems consist of one phase very highly dispersed in another and 
occupy a position intermediate between homogeneous mixtures ("true" 
solutions) on the one hand and the ordinary heterogeneous systems on the 
other. They have already been discussed to some extent in Chapter IX 
and will be further considered in Chapter XXV. 
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(Is) under a pressure of 0.06 atmosphere. The second tube is 500 mm. long 
and is filled with a gaseous mixture of hydrogen (Hs) and iodine (Is) under 
a pressure of 0.06 atmosphere. Both tubes are at a temperature of 100° and 
when compared with each other are found to show the same shade and in- 
tensity of violet color when viewed lengthwise toward the source of white 
light. Calculate the concentration (in moles of Is per liter) of the iodine in 
the second tube. 

Owing to the comparatively large distances between the mole- 
cules of gases and the consequent lack of influence of one molecule 
upon another, no energy change occurs when any two perfect 
gases are mixed together in the same volume, provided that they 
do not react chemically with each other. This is made evident 
by the absence of any temperature change when two such gases 
are mixed together. Similarly when a perfect gas is allowed to 
expand into a vacuimi there is no change in its temperature. 
These statements do not hold for gases under high pressures, 
however, for here very pronounced energy changes (heat effects) 
occur when expansion or mixing takes place. We shall have 
occasion to consider such energy changes in a later chapter. 

In the case of gaseous mixtures at such high pressures or at 
such low temperatures that the perfect gas laws do not apply 
with a sufficient degree of accuracy, modifications of these laws 
along lines similar to those followed by van der Waals or Berthe- 
lot in their treatment of pure gases (II, 10) are usually employed. 
We shall not consider them further in this book. 

(6) Crystalline Solutions. — The subject of crystalline solu- 
tions, or mixed crystals, has been briefly referred to in a previous 
chapter (V, 4). Owing to the restricted nature of molecular 
motion in crystals and the high viscosity of this state of aggrega- 
tion, crystalline solutions in a state of equilibrium are seldom met 
with in practice, because the attainment of equilibrium in a 
reasonable length of time is so frequently prevented by the 
restraints upon the free movements of the molecules. (Cf . V, 3.) 
For this reason crystalline solutions, as usually met with in prac- 
tice, are not amenable to the same methods of treatment as are 
iiearly all gaseous and liquid solutions. This same statement 
frequently holds true also, and for the same reason, for the glasses 
(VII, 3), which represent one type of liquid solutions. The dis- 
cussion of such cases of crystalline solutions as may be t: 
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confusing?, ^li.stinction. A better and more general method of 
distinguishing the constituents of a solution is simply to refer 
Uf them as constituent A, constituent B, etc., and this is the 
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method which will be usually employed in this book. The terms 
solvent and solute will be employed chiefly in the treatment of 
an important class of solutions known as ''dilute solutions/' 
that is, solutions in which the amount of one constituent is much 
greater than that of all the other constituents together. For 
such solutions the term solvent will be employed to designate 
the constituent which predominates in the solution, without 
however implying thereby that this constituent exercises any 
specific solvent power upon the others. The other constituents 
will be called the solutes. This method of designation is in 
accordance with common usage but its purely conventional 
character should not be forgotten.^ 

The following general treatment of the subject of solutions will 
for simplicity be restricted, in most cases, to solutions made up 
of only two constituents which will be designated either as A 
and B, or as solvent and solute, respectively. The relations and 
laws which we shall derive can, however, be readily extended to 
solutions containing any number of components. Moreover, 
since any substance A, in the liquid state, can be regarded as a 
limiting case of a solution of B in A in which the amount of B 
has become zero, pure liquids may be treated as special limiting 
cases under the subject of solutions and will be in certain cases 
included in our treatment of the subject. 

5. Methods for Expressing the Composition of Solutions. — 
The composition of a solution is frequently given in terms of 
percentages {i.e., grams in 100 grams of solution) of its various 
constituents. In what follows we shall, however, usually express 
the composition of the solution in terms of the mole fractions 
(II, 6) of its dijBferent components. Thus, if a solution is 
composed of N^ moles of A and N-q moles of B, the mole fraction 

Na Nb 

of A will be a;A = i[7 — ri[F~ and that of B will be xb= Tt — rTF~ 

Na+Nb Na+Nb 

(II, 6) and hence, 

^A+^B = unity (2) 

• The common expression, "Water is the universal solvent," means that 
a large number of substances are able to become molecularly dispersed in 
water and that water occurs in large quantities in nature. The ability of 
two substances to become molecularly dispersed in each other is a recipro- 
cal relationship, not a one-sided property as the expression ** solvent power" 
might be taken to indicate. 
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trations to distinguish them from the volume concentrations 
defined above. For the same reason the terms weight-molal, 
weight-formal, and weight-normal are correspondingly employed. 
Weight concentrations can be readily calculated from volume 
concentrations or vice versa, if the density of the solution is known. 

Problem 3. — ^A solution of density, 2>, is l/ri-weight formal with respect 
to a substance whose formula weight is M, What is its volume concen- 
tration in formula weights per liter? 

Problem 4. — Calculate the weight-formal concentration of the first- 
named substance in each of the solutions given in problem 2. The last- 
named solution has at 20° a density of 1.038143 grams per cubic centimeter. 
What is its volume-normal concentration? 

Problem 6. — Calculate the molal concentration of alcohol (C2H8OH) in 
a 5 per cent, solution of it in water. The density of the solution at 20** is 
0.98936. Calculate also its weight-molal concentration and the mole fraction 
of the water (HjO) in the solution. 

Problem 6. — A 0.25 formal aqueous solution of H2SO4 has at 15** a den- 
sity of 1.016. What per cent, of sulphuric acid does it contain? What 
is its volume normality with respect to sulphuric acid? 

6. Vapor Pressure. — The vapor pressure, p, of a solution is 
equal to the sum of the partial vapor pressure of its constituents, 
or 

P = Pa+Pb+ .... (3) 

7. Boiling Point. — The boiling point of a solution is defined as 
the temperature at which the vapor pressure of the solution is 
equal to the total pressure upon it. (Cf. IV, 3.) 

8. Freezing Point. — A solution has in general as many freez- 
ing points as there are substances in the solution which are able 
to separate out as pure crystals. The freezing point of a given 
solution is the temperature at which the solution is in equi- 
librium with the pure crystals of one of its constituents. (Cf. 
VII, 1.) The nature of the crystalline phase must, therefore, 
always be stated except in the case of dilute solutions, where by 
general agreement, unless otherwise specified, the freezing point 
is understood to be the temperature at which the solution is in 
equilibrium with pure crystals of the constituent which is desig- 
nated as the solvent. 



CHAPTER Xn 

SOLUTIONS n: THE COLLIGATIVE PROPERTIES OF 

SOLUTIONS AND THE THERMODYNAMIC 

RELATIONS WHICH CONNECT THEM 

1. Vapor Pressure and Temperature. — ^We have already noted 
(IV, 3) that the vapor pressure of a substance always increaBes 
with rise in temperature. In the case of any pure liquid or of 
any constituent of a solution under a constant external presBure, 
P (that of the atmosphere, for example), the rate of increase of 
the vapor pressure with rise in temperatiure is indicated mathe- 
matically by the partial differential coefficient, (^») • 1^ 

subscripts (in this case P and x) indicate variables which are con- 
stant for the process under consideration. The above mathemat' 
ical expression stated in words would be read as follows: the 
temperature rate of change of the vapor pressiu'e of a pure sub- 
stance (or of the partial vapor pressure of any constituent erf a 
solution in which the mole fraction of the constituent is x) under 
constant external pressure, P; or more briefly, the partial of p 
with respect to T, P and x constant. 

It can be shown that the Second Law of Thennodynamics 
leads to the following exact expression for this differential coeffi- 
cient: 

where L„ is the molal heat of vaporization (IV, 2) of the substance 
and 2/0 its molal volume in the vapor state under the conditions 
indicated. 

For a pure crystalline solid we have, similarly, 



c 



dT/p voT 

Lg being the molal heat of sublimation (VI, 3). 
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If the substance is under its own vapor pressure at all temper- 
atures, instead of under a constant external pressure, equations 
(1) and (la) have the form 

(2) 




X.P.P (vo-Fo)r 

where Vq is the molal volume of the liquid (or crystals) at the 
pressure P and temperature T. This is known as the Clausius «- 
Clapeyron* equation. Except in the neighborhood of the critical 
point, Vo is usually so small in comparison with vo that it may be 
neglected and then equation (2) takes the form of equation (1), 
that is, equation (1), which is rigorously exact if P is constant, 
is also approximately correct for many cases where P = p. 

Problem 1. — In order to integrate equation (1) or (la) it is first necessary 
to express L and Vo as functions of one of the variables. If the vapor obeys 
the perfect gas law and if L is a cpnstant with respect to variations in T, 
show that the integral of the above equations has the form, 

/ pi L/1 1\ 

^^^>rs(r;"rij . (3) 

Problem 2. — At —2® water has a vapor pressure of 3.952 mm. of Hg. 
Its heat of vaporization at 0° is 2495 joules per gram. Calculate its vapor 
pressure at 2®. 

2. Variation of Boiling Point with External Pressure on the 
Liquid. — Since by definition (XI, 7) vapor pressure, p, and exter- 
nal pressure, P, for any liquid are equal to each other at the boil- 
ing point, Tsf of the liquid, it follows that at this temperature 

and hence from equation (2) above we find 

/bTB\ . («o - V,>)Tb 

Up;." L. w 

1 /i>TB\ t>o , 

t;[w)s = r: (app'-ox). (6) 

• Rudolph Julius Emmanuel Clausius (1828-1888). Professor of Physics 
in the University of Zurich, the University of Wiirtzburg and until his death 
in the University of Bonn. One of the founders of modem thermodynamics. 

^ Benoit-Paul Enule Clape3rron, (179^1864). French engineer and pro- 
feasor at L'Eoole de Ponts et Chausse^. 
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Problem 3. — Compare the purely thermodynamic relationship eipwseed 
1 dT 
»y equation (6) with the Cratts' equation, s;—^ = const. {IV, 6). Whst 

L» 

a you state with regard to the ratio, — for pure liquids at their boiliDe 

KiintsT Compare also with Trouton'a rule, iind draw a conclusion with 
f-r^ard to the ratio sAfor related liquids. 

3. Effect of Pressure upon Vapor Pressure.^If the pressure 
upon any pure substance in the; liquid (or crystalline) state be 
increased, the vapor pressure of the substance also iucreaaes, the 
quantitative thermodynamic relation between the two teiDg 
expressed by the equation, 

where Vo is the molal volume of the substance in the liquid (or 
crystalline) state at the pressure, P, and temperature, T. An 
equation of the same form. 



also holds for the effect of pressure upon the partial vapor pres- 
sure. Pa, of any constituent of a solution. Voa. the partial molal 
volume of A is the mixture, is equal to the increase in the volume 
of an infinite amount of the solution, which takes place when one 
mole of the substance. A, is added to it. 

4. Vapor Pressure Lowering. — If to any pure liquid, A, having 
the vapor pressure, jJo, we add some substance which forms » 
solution with it, it can be shown both from molecular kinetics 
and from the Second Law of Thermodynamics that the vapor 
pressure of A is thereby lowered. In other words, the partieJ 
vapor pressure of any substance from a solution is always lower 
than its vapor pressure in the pure state. The vapor pressure 
towering, Ap, is defined by the equation, 
^^^K Ap = pe~p {9) 

^^^^bd a quantity called the relative vapor pressure lowering i^ 



where /Jo is the vapor pressure of the sub- 
te as a pure liquid and p its partial vapor pressure from the 
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solution, both being at the same temperature, T, and under the 
same external pressure, P. 

5. Elevation of the Boiling Point. — Problem 4.— From what has 
just been said regarding the lowering of vapor pressure which occurs 
when one substance is dissolved in another, show that the following state- 
ment must also be true: The boiling point of a liquid is always raised by 
dissolving in it any substance whose own vapor pressure ]s negligibly small. 

The elevation of the boiling point, or the boiling point raising 
as it is also called, is defined by the equation, 

ATb^Tb-Tbo (10) 

where Tb is the boiling point of the solution and Tb^ that of the 
pure liquid, both boiling points being of course for the same pres- 
sure. If the other constituent of the solution has an appreciable 
vapor pressure of its own, the boiling point is not necessarily 
raised when the solution is formed but may even be lowered, if 
the other constituent is a very volatile substance. This occurs, 
for example, when ether is dissolved in alcohol. 

6. Freezing Point Lowering. — We have already seen (X, 10) 
that at the freezing point of a pure liquid the liquid has the same 
vapor pressure as the crystals with which it is in equilibrium. 
If to such a system a second substance is added which dissolves 
in the liquid, but not in the crystals, the vapor pressure of the 
liquid is thereby lowered and it will no longer be in equilibrium 
with the crystalline phase. The crystals, since they now have 
the higher vapor pressure, will tend to pass over into the solution 
which, if the two are in contact, they can do simply by melting. 
The process of melting is, however, attended by an absorption of 
heat (VII, 2), and consequently the whole system will cool down 
until some temperature is reached where the vapor pressure of 
the substance in the crystalline state is again the same as its 
partial vapor pressure from the solution and hence the two phases 
become once more in equilibrium with each other. That such 
a temperature will be reached can be demonstrated thermody- 
namically and can also be seen from a study of Fig. 16. This 
temperature we have already defined (XI, 8) as the freezing point 
of the solution and the freezing point of a liquid is, therefore 
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evidently always lowered by dissolving another substance in it 
The freezing point lowering is defined by the equation, 

ATp^Tp.-Tf (11) 

where Tp^ is the freezing point of the pure liquid and Tp that of 
the solution. 
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Fig. 16. 



7. Osmotic Pressure and Osmosis. — Consider two vessels 
placed side by side under a bell-jar as shown in Fig. 17. Let 
vessel number 1 contain any solution, made up of any number 
of constituents, A, B, C, etc., and let vessel number 2 contain 
any one of these constituents, A for example, in the form of a 
pure liquid.^ The partial vapor pressure of A from the first 
vessel is less than its vapor pressure from the second vessel (XII, 4) 
and hence there will be a tendency for the substance. A, to pass 
over from the pure liquid state (vessel 2) into the solution (vessel 

^ In the most general case vessel number 2 might contain constituent At 
dissolved in some other pure liquid to form a solution of any stipulated 
strength. This other pure liquid would, in such a case, serve simply as a 
standard reference liquid and for theoretical purposes might be some wholly 
hypothetical liquid, endowed with any desired properties. Unless a standard 
^ference liquid of some kind is specified, however, the constituent in question 
nially considered as present in the pure liquid state in the second veesel. 
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jh it might do by distillation, for example. Now as ex- 
above (XII, 1) the vapor pressm'e of A from the two vessels 
e made the same either by raising the temperature of the 
1 or by lowering that of the pure liquid, the total pressure 
\ remaining the same. Or, the two vapor pressures might 
I made the same by keeping the temperature of both 
constant but varying the total pressure on one of them, 
increasing the total pressure on the solution or by decreas- 
total pressure on the pure liquid (XII, 3). 
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Fig. 17. 



difference in the total pressure upon the two vessels 
s just suflBcient to produce equality in the vapor pressures 
)m both vessels is called the osmotic pressure of the solu- 
th reference to constituent A and will be indicated by the 
, IIa. In order to completely define this pressure differ- 
le actual pressures on the two vessels must also be speci- 
Jnless otherwise stated, therefore, we shall define the 
; pressure, IIa, by the equation. 



nA=P-P 



(12) 



^A is the pressure on the pure liquid. A, and P that on the 
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e, the pressure upon the layer of solution next the mem- 
radually increases and with a properly prepared mem- 
smosis will continue until the resulting pressure becomes 
t that the tendency of the water to pass through the 
,ne into the solution is just equal to its tendency to 
the opposite direction, and consequently the rates of 
in the two directions balance each other 
J column of liquid in the thistle tube 
rise. When this condition is reached 
ght of liquid above the semipermeable 
,ne is a measure of the osmotic pressure 
ugar solution, with reference to the con- 
, water. 

particular osmotic pressure, II'a, how- 
obviously defined by the equation, 



U'-=P-Px = (P-'l) atmos. 



(13) 




Fig. 18. 



* is the pressure upon the layer of solu- 

:t to the semipermeable membrane. It 

smotic pressure as defined by equation 

her than that defined by equation (12) 

5 usually obtained in direct osmotic pres- 

asurements. That is, it is the pressure 

ce necessary to establish equilibrium 

le pure liquid (instead of the solution) 

: atmospheric pressure. Either osmotic 

) IIa or II'a niay, however, be thermodynamically calcu- 

the other is known, and in the case of aqueous sugar solu- 

moderate concentrations the two osmotic pressures are 
ily identical. The one defined by equation (12) is, 
r, in general a simpler one to employ than is the one 
by equation (13). 

rect osmotic pressure measurements with aqueous solu- 
te membrane employed is usually a film of cupric ferro- 

deposited in the pores of a porous earthern cup. Direct 
Bments of osmotic pressure are difficult to carry out, how- 
id have thus far been accurately made only in the case of 
queous solutions. The osmotic pressure of any solutioi 
calculated thermodynamically, however, from the free 
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ing point or from the vapor pressure of the solution and this is, 
in the majority of cases, the most reliable as well as the most con- 
venient method to employ in case one desires to know the osmotic 
pressure of any solution. The r61e played by osmotic pressure 
in the theory of solutions is of such a nature, however, that the 
knowledge of the numerical value of the osmotic pressure of any 
solution is seldom of much importance. Osmotic pressure is 
chiefly of value simply as a concept by means of which some of 
the processes employed in the derivations of the laws of solution 
may be conveniently visualized. Historically, however, it has 
played and to many chemists of the present day still pla3r8 an 
important r61e in solution theory, chiefly owing to some popular 
misconceptions as to its nature and the analogy between it and 
gas pressure, as will be explained further in Chapter XIV. For 
this reason more space will be given to the discussion of osmotic 
pressure than would be justified by its actual importance in the 
theory of solutions. 

8. The Thermodynamic Relations Connecting the Colligative 
Properties of a Solution. — The magnitudes of the vapor pressure 
lowering, the boiling point raising, the freezing point lowering, 
the osmotic pressure, and certain other allied properties of a 
solution depend in general upon the molal composition of the solu- 
tion and upon the natures of its constituents. But in the case of 
an important class of solutions which will be discussed in the next 
chapter, the magnitude of these quantities for one constituent 
of the solution depends only upon the nature of this constituent 
and upon its mole fraction in the solution and not at all upon the 
natures of the other components of the solution nor the relative 
amounts of them present. 

Now although, in general, the magnitude of any one of these 
quantities depends both upon the composition of the solution and 
the natures of its constituents, the relation between any two prop- 
erties for any constituent of any given solution depends onl3 
upon the nature of this constituent and not at all upon the mol 
fraction of the constituent in the solution nor upon the numb^ 
or natures of the other constituents of the solution. Thus, fc: 
example, the relation connecting the partial vapor pressure ^ 
any constituent. A, of a solution with its osmotic pressure do^ 
not depend in any way upon the per cent, of A in the soluti^ 
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nor upon the number, amoimts, or natures of the other substances 
in the solution. For these reasons the properties mentioned are 
called the coUigative properties of the solution. 

The exact and general relations which connect the coUigative 
properties of a solution with one another can be easily derived * 
from the First and Second Laws of Thermodynamics without any 
additional assumptions. Relations of this character, that is, 
relations which are necessary consequences of the two laws of 
energy alone, will be referred to as "purely thermodynamic 
relations." We shall not stop here to explain further the details 
of the derivations of these relations but will simply state a few 
of them, using the nomenclature already employed. 

fa) Vapor pressure, p, and freezing point, Tp, both with ref- 
erence to the same constituent, A: 

where L, is the molal heat of sublimation (VI, 3) of the pure con- 
stituent at the pressure P, and the temperature Tp, and vois the 
molal volmne of its vapor at the pressure px, and the tem- 
perature, Tp, 

(h) Vapor pressure and osmotic pressure for constituent, A 

Vo being the molal volume of A in the liquid state at the tempera- 
ture Tj and the pressure 1 — IIa, and vo the molal volume of the 
p-apor at the pressure p, and the temperature T. 

(c) Vapor pressure and boiling point, Tb : Since in this case by 
iefinition (XI, 7) p =P, the relation is simply equation (1) above, 
9^hich may be written: 

/dp \ L, 



XbTB/ voT 



B 



(16) 



(d) Osmotic pressure and freezing point, both with reference 
bo the same constituent, A: 

te) " Fo^ Tp ^^^^ 

' See Joiir. Amer. Chem. Soc, 82, 496 and 1636 (1910). 
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To thf^f^ rplAtions mn^nt, oe arided many othegg, but the soie- 
ment of :uirtitional mps :viil "je - iei'erred until they are needed. 
It will hp notirrnt *har. none of ':he above equatioiia concainaaoj 
quantity \vhir*h :.s :n ^mv -vay ieppncient apon. the amoant ot the 
flubstanf P. A, prpspnt. :n *hp -oiution or upon the nmnb^. natOR. 
or amount-^ of rhp '>rhpr ••onstituents ot the :solutioiu 

There i?». howpv^r. :or -^very solution, a set of relatioiiB winrii 
connerts t\aph jf *hp -oiliaative properties of the doiutiaa witk 
the naturp oi ir.s 'onstitupnts and its moiai compofiitimL. This 
set of FPlations vp shall '\ail 'he ■*Laws of the SointiozL." It is 
evidpnt. from what ha.s ;ust :^ppn said, that in ordH' to deduce 
the f^omplptp spt of rhpsp .aws for any ^en <H)lutionr it ia neces- 
sary to havo only onp of *he !aws aa a starting point, for ail of the 
others r>an -.hpn h** ohrainpd by nombinini; tliia one law with d» 
purely r.hpnnod\Tiamic rplationa diacuased above. Aa onr 
startine^ point in dpdueinj5 the Laws of Solutions we ahail anploy 
the law connecting the partial vapor pressure of any constitnat 
of a solution with itd mole fraction in the solution. 

Problem 6.- ff rhe vfipor i^ % perfect, i;afl and Va ia ind^wndent of r. 
•\hrfv *hat *hft integral of enuftTion l.V- ia 

- RT , p 

Thorf*. /), ,s 'ho /i^por pr^^Hure of pure liqiiiri A at the temperature T. 9io» 
;i !«<''> that '■.'tuh intflgrrpil may he written in the form. 



-/•i^ \*ff .', if,T t\if^ int/^s^r.'itions of equations '14.: to ^17). 



"- (^, 



9, The Fundamental Vapor Pressure Law. — ^If in a solution 
hnviriK th" fwo moUrcular oomponenta, A and B, the molecular 
fruffum of A 1»p lUfTf'fu^oA from Xx to X\+dxj^, the corresponding 
irirrf'i}<(\ Apf,,, in its partial vapor pressure, Pa> is given by the 

df,,,=fJT.E.)dxj, (20) 

nri/| ^'}tw\fir\y ff»r Pomporif?nt F^, 

fl/;„-fn(r.A\)dxB (21) 

Mif* fprnprintiitp nrid t(»tfil pn^HHure being constant; or stated in 
wonlM, wlifti Mm riiolcnilar fraction of any component of asolu- 
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tion is increased by a very small amount, da;, the corresponding 
increase, dp, in its partial vapor pressure above the solution is 
equal to dx multiplied by a quantity which is a function of the 
thermodynamic environment (see XIII, 1) which prevails in 
the interior of the solution. It is evident that in order to inte- 
grate equation (20) it is iSrst necessary to know the form of the 
function, {^^{T.E.), The form of this function and the values of 
its parameters will in general be determined by the number, 
nature and relative proportions of the different constituents of 
the solution, and since in general these may be of the most va- 
ried character it is not practicable to attempt an evaluation 
of fA {T.E.) which will hold for all possible types of solutions. 
A better procedure is to classify solutions, as far as possible, 
with reference to this point, and then to seek an evaluation of 
fx {T.E.) for each class. 

As our knowledge of solutions has progressed we have come to 
recognize two large groups or classes of solutions for which it is 
possible to evaluate this function in a satisfactory manner, or in 
other words, for which it is possible to construct more or less 
complete and satisfactory systems of laws and theories. These 
two classes may becalled, respectively, (1) Solutions of Constant 
Thermodynamic Environment and (2) Solutions whose Thermo- 
dynamic Environment is a Function of the Ion-concentration. 
We shall restrict our consideration of the Theories of Solution to 
these two classes and in building up the system of laws for each 
class we shall follow the logical rather than the historical method 
of development, as our main purpose will be to present as clear 
and complete a picture as possible of the present condition of 
our systematized knowledge of solutions rather than to trace 
the stages by which this condition has been reached. 
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existing in the molecularly dispersed state in an environment 
^^hich is made up almost entirely of benzene molecules and simi- 
larly an appreciable quantity of benzene is able to exist in the 
molecularly dispersed condition in an environment made up 
almost entirely of water molecules. 

Let us now take a third liquid, ethyl alcohol, which resembles 
benzene even more closely than does water. If we shake benzene, 
: CeHe, and alcohol, CaHeO, together we find that we always obtain 
7 a homogeneous system whatever be the relative amounts of 
benzene and of alcohol taken, that is, these two liquids are 
miscible with each other in all proportions. The attractive 
forces of alcohol molecule for alcohol molecule, benzene molecule 
for benzene molecule, and alcohol molecule for benzene molecule 
are so related that when we pour alcohol into benzene the alcohol 
molecules intermingle with those of benzene and continue to do 
so in whatever numbers they are added. The first molecules of 
alcohol which enter the benzene find themselves surrounded by 
benzene molecules only. As the amount of alcohol is increased 
the nature of the medium surrounding any given alcohol or benzene 
molecule changes gradually from one composed almost entirely 
of benzene molecules to one in which th^ proportion of alcohol 
molecules gradually increases imtil finally the medium surround- 
ing any given alcohol molecule or benzene molecule is composed 
almost entirely of alcohol molecules. 

Now the tendency of a given molecule to escape from a solution 
containing it depends upon the conditions which prevail within 
that particular solution. The molecule is subject to the action 
of various attractive and repulsive forces as well as to collisions 
from the molecules which surround it and the sum total of all 
these environmental influences determines the magnitude of 
the escaping tendency of the molecule in question. An attempt 
to analyze further the nature of these environmental influences 
would in the present state of our knowledge be largely speculative 
and would have no particular value. It is, however, important 
to recognize the existence of these influences and their general 
character, and it will be convenient to have a name to designate 
the sum total of these effects. The nature of the medium sur- 
rounding any given molecular species in a solution will, therefore, 
be called the thermodynamic environment of this molecular 
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species. The thermodynamic enviromnent which prevails within 
a solution depends, in general, upon the relative numbers and the 
kinds of molecules which make up the solution and upon the tem- 
perature and the pressure.^ 

When the two molecular species which make up the solution 
are very different in character the thermod3mamic environment 
prevailing within the solution will be so different from that which 
prevails within one of the two pure liquids, that a separation into 
•two liquid layers will occur when the proportions of the two con- 
stituents reach certain values which are determined by the nature 
of the constituents and by the temperature and the pressure. 
Thus when we add water to benzene the water molecules inter- 
mingle at first with those of the benzene, forming a solution which 
has a thermodynamic envirorunent practically the same as that 
which prevails in pure benzene. When the concentration of the 
water molecules reaches a certain value, however (which dei)end8 
upon the temperature and the pressure), any further molecules erf 
water added will not go into solution, since for concentrations 
higher than this value the mutual attractions of water molecule 
for water molecule become so great that any excess of water 
separates out as a new liquid layer, having a decidedly different 
thermodynamic envirorunent. 

In the case of alcohol and benzene which mix with each oth^ 
in all proportions the two molecular species display many 
differences in both physical and chemical properties and the 
thermodynamic envirormients in the two pure liquids are prob- 
ably quite appreciably different from each other, so that when 
alcohol is poured into benzene, the thermodynamic environment 
in the solution changes gradually from that which prevails in 
pure benzene to that which prevails in pure alcohol, but the total 
change in this instance is not so great but that both species oi 
molecules are able to adapt themselves to it and hence do not 
find it necessary to form two distinct liquid layers possessing 
different thermodynamic envirorunents. 

To recapitulate, therefore, if molecules of a liquid. A, be in- 
troduced into a pure liquid, B, they intermingle with those <rf 

^ And in some special cases, which will not be considered here, upmi the 
amount and kind of light with which the solution is illuminated and upon 
the magnetic and electric condition of its surroundings. 
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B, forming a solution. ' As the concentration of the A molecules 
increases, two tendencies become manifest. First, the mutual 
attractions among the A molecules increase owing to the fact 
that these molecules are getting closer together as their con- 
centration increases and as a result of this greater attraction there 
is a tendency for these molecules to collect together and to form 
themselves (together with some B molecules) into a second liquid 
layer having a diflferent thermodynamic environment from the 
solution. 

Opposed to this tendency toward separation and formation of 
a new thermodynamic environment is the fact that the increasing 
numbers of A molecules by their very presence in the solution 
are changing the thermodynamic environment of the solution 
and are making it more like that which would exist in the layer 
which tends to be formed by the mutual attractions of the A 
molecules. This naturally results in lessening the tendency of 
the A molecules to separate and form a second phase. When 
the two molecular species are greatly different from each other 
the jSrst of these tendencies is likely to prove the stronger and two 
liquid layers are formed. The more nearly the two species of 
molecules resemble each other the greater will be the second 
tendency and when they are sufficiently alike the second tend- 
ency will predominate and the two substances will mix in all 
proportions. 

Unless the two molecular species resemble each other very 
closely, however, the process of mixing is accompanied by quite 
an appreciable variation in thermodynamic environment in pass- 
ing from one pure liquid through the series of mixtures to the 
other pure liquid, and although the two molecular species may be 
able to adapt themselves to the new thermodynamic environment 
and remain in solution together, this adaptation will in general be 
accompanied by external evidences in the way of heat effects 
(evolution or absorption of heat) and volume changes (expansion 
or contraction) which take place when the two liquids are mixed 
together. The magnitudes of these effects may be taken as a 
rough indication of the extent of the change in thermodynamic 
environment, in all cases where the process of mixing consists 
simply in the intermingling of the two molecular species and is 
not accompanied by chemical reactions. Thus when one mole 
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of benzene is poured into a very large quantity of aloohd the 
change in thermodynamic environment undei^ne by the benzene 
molecules is accompanied by an absorption of 0.36 calorie of 
heat and by an appreciable change in volume, which indicates an 
appreciable but not very large change in thermodjmamic environ- 
ment. When one mole of alcohol is poured into a large quantity 
of benzene the process is accompanied by an absorption of 4 
calories of heat. In this case, however, we have a chemical 
reaction, namely, (C2H50H)x=xC2H50H, accompanying the 
process of mixing, for ethyl alcohol is an associated liquid (III, 
5) and when it is poured into a sufficiently large quantity of ben- 
zene the associated molecules must (as we shall learn later) 
dissociate into simple ones and this reaction will be attended by 
a heat effect which will be added to that due to the change in 
thermodynamic environment alone. The total heat effect in 
such a case will not, therefore, be a trustworthy indication of the 
extent of the change in thermodynamic environment. 

A better measure of the magnitude of this change is furnished 
by the decrease in free energy (X, 9) which accompanies the 
transfer of one mole of one substance from one thermodynamic 
environment to the other. Thus, when one mole of benzene is 
transferred from the thermodynamic environment which prevails 
in pure benzene to that which prevails in pure alcohol, the change 
in thermodynamic environment will be measured by the mag- 
nitude of the corresponding free energy decrease, which can be 
shown to be substantially that given by the expression, 

A =RT log. — ^' 



lim. 



dp\ (1) 



•© 



where p© is the vapor pressure of the pure benzene and p is its 
partial vapor pressure from aD alcohol solution in which its 
molecular fraction is x. 

2. Ideal Solutions. — We have discussed the character of the 
solutions formed when benzene is shaken successively with* 
series of liquids of continuously increasing resemblance to itset 
There remains only to consider the limiting case of the solution 
formed by mixing with benzene a liquid which resembles it ai 
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closely as possible and whose molecules are, therefore, as nearly 
like those of benzene as possible. Toluene will fullSU these 
requirements very well as is evident from a comparison of the 
formulas of the two molecules. 

Benzene Toluene 

CH CH 



HC 
HC 



/\ 



CH HC 



/\ 



CH CH 



C.CHa 
CH 



When we shake these two non-associated (Table VI, 2) liquids 
together, we find that they not only mix readily with each other 
in all proportions, but we note also that the process of mixing 
is not accompanied by any appreciable heat effects or volume 
changes. The total energy of the system, in other words, is 
not changed when the two liquids are mixed together. More 
over, this absence of energy changes is found to be generally the 
case whenever any two very similar non-associated liquids are 
mixed together and the more nearly the two liquids resemble 
each other the more exactly, as a rule, does this relation hold 
true. This behavior is interpreted in terms of our concept of 
thermodynamic environment by the view that the thermody- 
namic environments in the two pure liquids are practically iden- 
tical, and hence on mixing the liquids there is no change in this 
environment, whatever be the proportions in which they are 
mixed. ^ That is, a benzene molecule (or a toluene molecule) 
finds itself in practically the same thermodynamic environment, 
whether it be surrounded entirely by benzene molecules, or en- 
tirely by toluene molecules, or by mixtures of the two molecules 
in any proportions whatever. 

Any solution in which the thermodynamic environment is con- 

* The process of mixing in such a case is very analogous to that which 
occurs when two perfect gases are mixed together in the same volume 
(XI, 3a). The free energy change which measures the magnitude of the 
change in thermodynamic environment can be calculated from equation (1) 
above and has always been found equal to zero when the two liquids resemble 
each other very closely. 
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stant, and entirely independent of the relative proportioiis of 
the constituents in the solution will be called an ideal Mdutkm. 
An ideal solution, like a perfect gas, is strictly, therefore^ only a 
limiting case which is approached the more closely, the mm 
nearly its different molecular components resemble one another. 
The closest approach of any actual solution to the limiting case 
of an ideal solution probably occurs when we mix together two 
liquid hydrocarbons which are optical isomers (I, 2d). Such a 
mixture will be found to obey all of the laws of ideal solutions so- 
closely that we should probably be unable to detect the slightest 
deviation and such a solution may, therefore, be considered 
as an actual example of an ideal solution. It will be readily 
seen that the following pairs of liquids when mixed togetha 
will also form solutions which will be very close to ideal solutions: 
(1) chlorbenzene and brombenzene; (2) mercury and tin; (3) 
krypton and xenon; (4) methyl alcohol and ethyl alcohol; (5) 
holmium and dysprosium; (6) cesium and rubidium. 

3. Dilute Solutions. — In general a solution composed of tiie 
two substances, A and B, will have a thermodynamic environ- 
ment different from that which prevails in either pure liquid A ot 
pure liquid B and this thermodynamic environment will vary 
with changes in the relative amounts of A and B in the solution. 
Suppose we take any solution composed of A and B and pour 
into it some pure liquid A. This process is called "diluting the 
solution with A." As the mole-fraction of A increases and that 
of B decreases, the thermodynamic environment in the solution 
approaches gradually that which prevails in pure liquid A and 
after the degree of dilution has become great enough the molecules 
of B are so few in number and so far apart that their influence 
upon the thermodynamic environment of the solution becomes 
negligibly small. When this condition is reached, further dilution 
no longer produces any appreciable change in the thermodynamie 
environment. In other words, for every solution in which one 
constituent, the solvent (XI, 4) largely predominates over the 
other, the solute, there exists a degree of dilution beyond which 
further additions of solvent no longer produce any appreciaUe 
effect upon the thermodynamic environment. When the mole 
fraction of the solvent in any solution is so large that the thenno- 
dynamic environment is practically identical with that which 
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I^^HB in the pure solvent, the Bolution is called a " dilute 
VMBtioii," or more accurately, a " suflBciently dilute eolutiou." 

The exact degree of dilution which the solution must have 
before its thermodynamic environment becomes practically con- 
stant and hence independent of further increases in the mole frac- 
tion of the solvent depends upon the natures of the solvent and 
the solute. Strictly speaking, the thermodynamic environment 
never reaches absolute constancy until the solution becomes 
infinitely dilute, but for practical purposes it becomes sufficiently 
constant at moderate dilutions and from what has been said 
above with reference to ideal solutions, it is evident that the more 
closely the solvent and solute resemble each other, the less dilute 
does the solution need to be before its thermodynamic environ- 
ment becomes practically constant. No very accurate general 
rules can be formulated for deciding just how dilute a solution 
must be before it may be classed as a "dilute solution," because 
that is a question which can only be decided by a study of the 
Bolution itself. From the knowledge which has been obtained 
from the study of the behavior of aqueous solutions, how- 
ever, it is possible to formulate the following general rules 
vhieh hold for the majority of cases and will give the student 
a general idea of the concentration range which is usually cov- 
ered by the term, "dilute solution," 

(a) Aqueous solutions of most non-electrolytes possess a ther- 
modynamic environment which is practically constant and iden- 
tical (within say 1 or 2 per cent.) with that which prevails 
in pure water, as long aa the mole fraction of the solute does 
;iot exceed about 0.01 (0.5 molal). 

(b) In a few instances (solutions of the alcohols and the 
sugars) this limit probably extends as high as 0.04 or 0.05, while 
in a few others it is very possibly considerably lower than 0.01. 

(c) In the case of aqueous solutions of strong electrolytes, 
[I, 2g) in particular, this limit must be placed very much lower, 

low as 0,00001 (0.0005 normal) in fact, owing to the powerful 
effect which ions (I, 2g) exert upon the thermodynamic environ- 
lent of any solution containing them. 

The two groups of solutions which we have just considered, 
leal Solutions and Sufficiently Dilute Solutions, have the 
characteristic of possessing a thermodynamic en- 
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vironment which does not change with variations in tlie li 
tive amounts of the constituents of the aoliition, and M 
groups of solutions obey the same set of laws, which ve« 
call the Laws of Solutions of Constant Thenno^rnimic 1 
vironment and which we shall now proceed to devdop. 

REFERBNCBS 

Journal Abticles: See Trans. Amer. EUectrochem. Soc, 22,333 (IS 



CHAPTER XIV 

LUTIONS IV: THE LAWS OF SOLUTIONS OF CON- 
STANT THERMODYNAMIC ENVIRONMENT 

The Distribution Laws 

. The General Vapor Pressure Law. — ^For solutions in which 
thermodynamic environment is a constant the function 
T.E.) in equation (20, XII) is constant and the equation may 
:*ef ore be written 



\&a;A/p,T 



fcA (1) 



ire Pa is the partial vapor pressure of any molecular species, 
!^rom a solution in which its molecular fraction fXI, 5) is Xj^, 
L fcA is a constant characteristic of the species, A, and of the 
rmodynamic environment which surrounds it in the solution, 
l^^oncerning the quantity, p^j in this equation it should be 
lembered that the directly measured vapor pressure above a 
ation is determined not only by the conditions which exist 
tin the solution but, like any other gas pressure, it is subject 
uhe influences which exist in the vapor itself and which at high 
ssures or at low temperatures cause the vapor to deviate 
Dreciably from the behavior of a perfect gas (II, 9). If, 
refore, the vapor pressure, pa> int equation (1) is to serve as a 
table measure of the escaping tendency of the molecular spe- 
3, A, from the solution, it should, strictly speaking, first be 
rected for those influences which cause the vapor to deviate 
m the behavior of a perfect gas. This "corrected vapor 
jssure'' has been called^ by Lewis* the "fugacity" of the mo- 
Lewis [Proc. Amer. Acad. Sci., 87, 49 (1901)]. The method of making 
correction for deviation from the perfect gas law is discussed in this 
ler and also in a recent paper by Gay [Jour. Chimie Physique, 10, 197 
12)], who calls the corrected vapor pressure the "expansibility tension" 
he molecular species in question. 
Q the case of a distribution law involving the vapor phase, if the partial 

Gilbert Newton Lewis (1876). Professor of Physical Chemistry and 
in of the Ck>llege of Chemistry at the University of California. 
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lingular species, A, in the solution. It is evidently a measure of the 
tfudency of this species to escape from the thermodynamic en- 
viroument> which surrounds it in the solution, into that condition 
of 9ifro thermodynamic environment which prevails in a perfect 
gan. The necessary correction which must be applied to the 
ubm>rvt>d vapor pressure in a given case in order to obtain the 
^*fugacity," could be readily calculated, if the constants of the 
van dt>r Waals' or of the Berthelot equation of state (II, 10a) 
Vi^vi> known for the vapor in question. As a matter of fact, how- 
i5V0r, in many cases the magnitude of this correction is so small 
(hat it falls within the error of measurement of the vapor pressure 
it»*olf and can, therefore, be neglected. In general, however, 
it uhould be borne in mind that any law of solution which in- 
Viil vt^H the vapor phase may be subject to deviations of the same 
kind and order of magnitude and from the same sources as those 
whioh cause gases to deviate from the perfect gas law (II, 10a). 
9f The Vapor Pressure of Ideal Solutions. — ^By integrating 
tiijuation (1) we obtain 

VA = kj,xj,+I (2) 

WUi^n Xx = ^f Pa = 0. also, and hence the integration constant, 
/ , in ztiro. When Xa = 1 > ^a = Poa, the vapor pressure of pure liquid 
A ni th« name temperature and pressure. Equation (2), there- 
Unii, In^comes: 

Pa = Poa^^a (3) 

f/r stated in words: The partial vapor pressure of any molecu- 
im tiiH*di*M above an ideal solution is equal to its vapor pressure 
m li pure liquid at the same temperature and pressure multi- 
filU'A by its molecular fraction in the solution. In other words 
Mm** partial vapor pressure of any molecular species from an ideal 
^/ImUou is a linear function of its molecular fraction in that 

yttjf'ff |>r(^4Hiiro employed has been obtained (as is usually the case) by 
z^/^^/ wlaiion from the percentage composition of the vapor in equilibniiin 
iff^h ^^i^' Hohition on the assumption that the vapor behaves like a perM 
M/fft, Oi*i vapor pressure so calculated is, thereby, usually automatieallr 
f^fU^futiAui " for the effect of the influences present in the gas phase and who 
$ff^Hf^Uti4'A in the distribution law in question usually shows goodagre^iMDi 1^4^ 
i^ l4^ law. 'I'his is the case with the data exhibited in Fig. 19. 
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0.9 
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J. 19. — The Vapor Pressure Diagram for an Ideal Solution. The two 
ecting straight lines in the figure are the graphs of the theoretical 
ion, p=pox, using the values of po indicated on the right and left 
margins respectively. The upper curve is the theoretical total vapor 
ire curve. The small circles represent the observed vapor pressures 
' for the system proplyene bromide — ethylene bromide as measured 
widski. [Z. physik. Chem. 85, 129 (1900)]. This system is evidently 
;lose to an ideal solution in its behavior. 
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— Problem 4. — Calculate the relative vapor pressure lowering produced 
avfaen one formula weight of diphenyl (C12H10) is dissolved in 1000 grams of 
benzene. 

. 4. The Vapor Pressure of the Solute from a Dilute Solution. 
JCenry's Law. — To obtain an expression for the partial vapor 
pressure, pa> of any solute, A, from a dilute solution, we have only 
jbo integrate equation (1) again which gives 

PA = kAXA+I (7) 

If a^A = 0, Pa = and hence 1 = 0. The desired relation is, therefore, 

Pa = kxXA (8) 

where a^A is the mole fraction of the solute species. A, and kx 

is the constant characteristic of the solute A and of the thermodynamic 

environment which surrounds it in the solution. Equation (8) 

is known as Henry's* Law. In words it states that the partial 

vapor pressure of a solute from a dilute solution is proportional 

to its mole fraction in the solution. 

Problem 5. — Show that if the solution is dilute enough, Henry's law may 
be put in either of the following forms: 

Px=const.XNx (9) 

P/^ = const.XCx (10) 

C\ = const."KCx and (if p = const.) a:'A = const. Xa^A (H) 

where ^a s^d Ca are the weight-molal and volume-molal concentrations 
(XI, 5), respectively, of A in the solution and C'a and x'x its volume con- 
centration and mole fraction in the gas above the solution. 

Table XIV illustrates the behavior of aqueous solutions of 

C 
carbon dioxide toward Henry's Law. The ratio, -7^9 is usually 

called the ^^ solubility of the gas in the liquid,'^ Another quantity 

known as the '* absorption coefficient^^ of the gas and defined by 

the equation 

273.1 C (12) 

where T is the absolute temperature, is frequently employed in 
recording data on solubility of gases. 

• William Henry, F. R. S. (1774-1836). Son of the chemist Thomas 
Henry. A physician and manufacturing chemist in Manchester, England. 
His work on the solubility of gases was published in 1803. 
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Table XIV 
Partial PKesure and Solubility of CO2 in Water at 25®. lUustratiDg 
Hwnry *8 Law» -^ — — const. 

^COt 
Measureoieiits by Plndlay, Creighton, and Williams [J. Chem. See. 97, 
536 and 108» 637]. 




385 



485 



660 



760 



820 



955 



1060 



1150 



1240 



1350 



0.813 



0.816 



0.817 



0.817 



0.816 



0.8170. 81810.8180. 8190.820 



PfoblAm ^ —Air contains 0.04 per cent, by volume of COs. What is 
i^uuc^mtratiou of carbon dioxide in water which is in equilibrium with air 
at, lid^ and I atm.? (Use Table XIV.) 

5i Tilt Distribution Law for Dilute Solutions. — If we take a 
(tilutv Holutiou of some substance in solvent, 1, and shake this 
hvlutiou with another solvent, 2, with which the first solvent is 
imauHi)il>U>> then some of the solute molecules will pass from 
tlio fii'Mt to the second solvent until finally a state of equiUbrium 
1(4 liJi^rluHl, The solute is now said to be in distrihvJtion equHi- 
hi {.urn l>otwiH>n the two solvents and hence according to the Second 
liuvv v>f Thorniodynamics (see the last paragraph of X, 10), it 
maul Khvo tho name vapor pressure fronv both solutions. 

^i»t4f^44i 7. l*rove by the methods of Section 10, Chapter X, that the 
iivvo vt^jMM t»i'iHtMuro8 must be equal in such a case. 

Hut l».v llrury's Law (equation 8) the vapor pressure, pi, of 
l\n^ »4olv»U» luolocules above solvent 1, is 

Pi = kiXi (13) 

•^lul lluvli, /i», above solvent 2, is 

P2 = ^2X2 (14) 

•Mul mIuoo /m-^/'h. vvt^ have 

(15) 



xi ki 

Xi ki ^ 



\\luM» kn Irt tlio HO-called distribution coefficient or distribvtio^ 

{'Hi^nit^ni of Mm^ inolooular species in question between the two 

' V(i|tlM. Hi lUrd in words: When any molecular species in dilute 

Itui l>* *^* distribution equilibrium between two inmiiscible 
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bs the ratio of its mole fractions in the two solvents is al- 
qual to a constant whose value is characteristic of the spe- 
question and of the two thermodynamic environments 
respectively exist in the two solvents. 

em 8. — Show that if the two mole fractions are small enough equa- 
) can be put in either of the following forms : 

'^= const, (16) 

iV2 

j^= const. (17) 

C2 

!^ and C are respectively the weight-molal and the volume^molal 
rations in the two solvents. 

data in Table XV illustrate the behavior of HgBra in 
Lition equilibrium between water (W) and benzene (B). 

Table XV 

bution of HgBr2 between water and benzene at 25°. Illustrating the 
Ltion Law, Ci/C 2— constat in the case of two liquid phases. (Cf. 
).) 
Measurements by SherriU [Z. phys. Chem. 44, 70 (1903)]. 



= 


0.00320 


0.00634 


0.0115 


0.0170 


:= 


0.00353 


0.00715 


0.0130 


0.0194 


7b = 


0.906 


0.886 


0.880 


0.876 



ough in the above statement and derivation of the dis- 
Dn law we have employed liquid solutions, the law is a more 
one, one in fact which governs the distribution equilibrium 
molecular species between any two phases whatever, be 
rystalline, liquid or gaseous, provided only that the 
dynamic environment in each phase does not change with 
le fraction of the solute in that phase, that is, provided that 
ution in each phase is a "sufficiently dilute solution" 
3) . Henry's law as expressed by equation (1 1) is evidently 
special case of this general distribution law. 

3m 9. — At 25** the distribution ratio of Br2 between carbon tetra- 

Cc 
and water is ^7— = 38. The partial pressure of Br2 above a 0.05 

lution of it in water at 25° is 50 mm. If 1 liter of this solution is 
v^ith 50 c.c. of carbon tetrachloride, what will be the pressure of the 
above the carbon tetrachloride phase. 
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^r»M«n ^— Ai 25" i^ jtolubiliTy of iwiiDe. 1%, in CCU k 30.33 gnmi|» 

bi^ juni m >ft*i^ OiVKxi? znw^es per liT«r. One liter of CCU mntahiim 
:X^ (TAiuj' .u' li Jit j^hAkfi) v:ib o liic» of irs3«r ax 25° uniil equilibriiim i 
MiiAMoih^ H.^v s:iAziY gr^Tn* oc iciiuie wH be found in the water layer? 

v^sMi^Tic rKESs-rsi: -ixp Osmosis* 

6. Hie G^SM^id Os3nc«sic Pmsore Law. — ^Bv drriding equation 
,r i^v .;> :u;^^rA- _r^= ii^Zj, wf t-' — '^.&i^ lie ooDStant. k^ and 

-7.= 7,^7-' ll8l 

.!*»;- ,:.' j^..'. -, ^-,-...:d: j;T :i -lii*.-: :c 7?.'i ir li* r«s;u2i'we have 
u^r ,>tr.^v.', •.v-^^-"': .i V - ,r a:i\..":h:c25 zc Mcsg^iari thennodr- 

■ - ' ■ "7 ' = ._ " :l«:ic. r^ .19 



--^ 



>.i'. V !'."2< :.M'. "^v. '..: .: ■ '.T s.i'irica i- r 
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v:. - . 



30 



••..•. ■^. .■■■•.. -.>>.•■. ^ . ■ .:'s:;utac Tiucii is preaa* 

.^■.. .. -..-:■ -. ."Sfinuciu 7n*asup;. XII- 
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L- 7. Direct Osmotic Pressure Measurements. — The pressure 

-^ difference necessary to prevent osmosis through a perfectly semi- 

^ permeable (XII, 7) membrane is equal to the osmotic pressure 

and by determining this pressure difference for a given solution 

the osmotic pressure is thus directly measured. Membranes 

which approximate perfect semipermeability have thus far been 

' obtained only in the case of a few aqueous sugar solutions and 

accurate measurements of osmotic pressure by this method are 

consequently very few in number. 

In Table XVI below are shown some results obtained by Morse* 
and his associates for the osmotic pressures of cane-sugar solu- 
r tions at 25**. These investigators employed membranes of cupric 
ferrocyariide deposited in the pores of a porous earthenware cell. 
: The sugar solution was placed in the interior of the cell which 
was then surrounded by water. The pressure upon the solution 
was then increased until it was just suflScient to prevent the 
passage of water into or out of the cell through the cupric 
ferrocyanide membrane. 

It is not without interest to compare the values of the osmotic 
pressure obtained in this way with those calculated from the 
theoretical equation for an ideal solution (21), although for the 
solutions employed by Morse the calculation cannot be carried 
out without making several ctf assumptions. In the i&rst place 
.the osmotic pressure measured by Morse is that defined by 
equation (13, XII) while that which appears in the equation for 
an ideal solution (21) is defined by equation (12, XII). For 
cane sugar solutions at 25**, however, the two quantities 11 and 
n' do not differ by more than 1.6 per cent, for the concentra- 
tion range covered by the table. Another difficulty in applying 
equation (21) to these solutions is that this equation assumes that 
the "pure solvent," that is, the constituent to which the mem- 
brane is permeable, is composed of only one species of molecule, 
a condition which is not fufiUed in the case of water. A third 
difficulty lies in the fact that for cane-sugar solutions the molecu- 
lar formula of the solute in the solution is not known with cer- 
tainty, for the sugar molecules very probably become hydrated 
when they dissolve in water. 

• Harmon Northrup Morse (1848- ). Professor of Inorganic and 
Analytical Chemistry at Johns Hopkins University. 
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• Table XVI 

Ck)mparison oi the measured values of the osmotic pressure, 11% of aqoeou 
cane-sugar solutions at 25" with the values calculated from the 

N -0.08207 X (273.1 +25) X2.303 , 
logit 



n= __ loge 



N 



Vo 



N+Ni 



1.00294X18.015 
1000 



N+Ni 



Measurements by Morse and Associates, Amer. Chem. Jour. 46, 600 (1911) 






Calculated os- 


Calculated os- 


Weight formal 


Observed osmotic 


motic pressure 


motic pressure 


concentration of 


pressure (in 


assuming the 


assuming the 


CijHj20ii 


atmospheres) 


formula 


formula 






C12H22O11 


CijaMOii.6H,0 


K^ 


n' 


Hi 


n. 


0.09924 


2.63 


2.4 


2.4 


0.1985 


5.15 


4.8 


4.9 


0.2978 


7.73 


7.2 


7.6 


0.4962 


12.94 


12.0 


12.7 


0.5954 


15.62 


14.4 


15.4 


0.6946 


18.43 


16.8 


18.2 


0.7929 


21.25 


19.2 


21.1 


0.8931 


24.13 


21.6 


23.9 


0.9924 


27.05 


24.0 


26.7 



If it be assumed that the sugar is not hydrated and that 
water has the molecular weight 18, then the mole fraction of the 
water in a solution containing Ni moles of sugar (CitHuOii) 
per 1000 grams of water would be 



1000 / 1000 



x= 



18 



18 



+k) 



(22) 



If values of x calculated in this way be substituted in the theo- 
retical equation (21), the values of IIi thus obtained are shown 
in column 3 of Table XVI. 

These values do not agree very well with the experimental 
ones. Part of the disagreement is undoubtedly due to the fact 
that water is not a pure substance with a molecular weight in 
the liquid state of 18. The disagreement is probably too great 
to be accounted for by this fact alone, however, for the value 
assumed for the molecular weight of water appears in the equation 
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in such a way that for moderate concentrations it cancels itself 
out approximately, as can be seen by a careful examination of 
equations (21) and (22). Most of the difference between the 
calculated and the observed values can probably be attributed to 
an erroneous assumption with regard to the molecular weight of 
sugar when dissolved in water. Instead of remaining unhy- 
drated, it is probable that the sugar molecules unite with some 
ot the water to form a hydrate. If the number of water mole- 
cules which unite in this way with one molecule of sugar is TT, 
then the mole fraction of the free water as computed from equa- 
tion (22) above would evidently be 

-(f-'^*.)-(f8--'^*'+^') (2« 

If we assume IF = 6 and substitute values of x computed from 
equation (23) in equation (21), we obtain the values of IIj 
given in the column 4 of Table XVI. These values show good 
Agreement with the experimental ones and this agreement may 
be taken as evidence that the molecules of cane sugar in aqueous 
Solution are on the average each hydrated with approximately 6 
molecules of water. The molecular formula of the solute in 
solution would, therefore, be CiaHasOu-GHjO. 

We have mentioned the fact (XII, 7) that the osmoticpressure 
of any solution can be thermodynamicaily calculated from the 
other colligative properties of the solution. As an example of 
the values thus obtained in the case of cane sugar solutions at 
0°, Table XVII is given. The " calculated" values were computed 
from the freezing points of the solutions by means of the integral 
of equation (17, XII), The "observed" values were directly 
measured by Morse and his associates. 

Problem 9. — A 1 per cent, solution of dextrin in water has at 16° an oa- 
motio pressure of 16.6 cm. of mercury. Calculate the molecular weight of 
the solute. (Use the van't Hoff equation (28).) To what fraction of a 
degree would it be necessary to know the freezing point of this solution in 
otdet to determine tho molecular weight ot dextrin to 1 per cent, by the 
freezing point method? (Use equation (51).) 

This problem illustrates the application of the osmotic pressure 
law to the determination of the molecular weight of substances 
whose molecules are made up of a very large number of atoms. 
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Molecules such as those of dextrin and albumm are, in fact, so 
large that solutions of these substances resemble colloidal solu- 
tions in many respects and are usually classed with such solu- 
tions for the purposes of systematic treatment. . Owing to the 
small molal concentration of many of these solutions, the freezing 
point lowering is so small that it cannot be measured with suffi- 



Tablb XVII 

Comparison of the osmotic pressures of cane sugar solutions at (f dete^ 
mined by direct measurement, with the osmotic pressures thermodynamic- 
ally calculated from the freezing point lowerings by means of the integral 
of equation (17, XII) which for aqueous solutions may be written, 
II = 12.06 (A^F - 1.78 X lO-^A^F* -2.5 X IQ-'A^f'). 

Measurements by Morse and Associates, Amer. Chem. Jour. 45, 600 
(1911). Calculations according to Lewis, Jour. Amer. Chem. Soc. 30, 671 
(1908). 



Weight-formal 


Freezing 


Observed 


Calculated 


concentration of 


point 


osmotic 


osmotic 


C12H22O11 


lowering 


pressure 


pressure 


^1 


A^F 


n' 


n 


0.09924 


0.195 


(2.46) 


2.35 


0. 1985 


0.392 


4.72 


4.73 


0.2978 


0.585 


7.08 


7.05 


0.4962 


0.985 


11.9 


11.9 


0.5954 


1.19 


14.4 


14.4 


0.6946 


1.39 


16.9 


16.8 


0.7929 


1.62 


19.5 


19.6 


0.8931 


1.83 


22.1 


22.0 


0.9924 


2.07 


24.8 


24.9 



cient accuracy to give a satisfactory value for the molecular 
weight of the solute. Moreover the freezing point is liable to be 
seriously afifected by the presence of traces of impurities. It is 
with such solutions as these that the osmotic pressure method 
is of particular value for molecular weight determinations. 
Membranes quite impermeable to the large solute molecules, and 
sufficiently strong to withstand the small pressures involved, are 
comparatively easy to secure and these membranes are usually 
permeable to many of the impurities present in the solution and 
hence the measured osmotic pressure is not influenced by these 
impurities. 
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8. The Van't Hoff Equation. — ^In the comparisons given in 
Table XVI we employed the general osmotic pressure law in the 
form, 

n^ ^logaa: (24) 

If the mole fraction of the solute is small enough; however, 
this equation may be rearranged into a more convenient form for 
calculation. In place of x we may put 1 — Xi (eq. 2, XI), where Zi 
is the mole fraction of the solute in the solution. This gives, 

n=-^loge(l-a:i) (25) 

r 

and by expanding the logarithm into a series with the help of 
Maclaurin's Theorem we have 

n = ^(xi+ixx«+lxx»+ ) (26) 

y 

If the mole fraction of the solute is small enough, its higher powers 
may be neglected in comparison with its first power and we 
can write 

and if we may neglect iVi in comparison N in the denominator of 
the right-hand member and write V in place of iVFo, this equation 
becomes 

nV^NiRT (28) 

where Ni is evidently the number of moles of solute in V liters 
of solvent at jT*. As the solution becomes more and more 
dilute V becomes practically identical with the volume, F„ of 
the solution containing iVi moles of solute. When this is 
true we have 

JiV.^NiRT or n = Ciflr (29) 

The formal resemblance between equation (29) and the perfect 
gas law is obvious and for this reason it is possible to say that 
the osmotic pressure of an extremely dilvie solution is numeric- 
ally equal to the pressure which the solute molecules would 
exert as a gas, if they occupied the same volume as they do in the 
solution and had the same temperature. This is the form in 
which the osmotic pressure law was first stated by van't HoflE in 
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1886 and equation (29) is known as van't Hoff's law of 
pressure. Now the pressure of a gas is due to the impacts <A the 
molecules of the gas upon the walla of the containing Teasel and 
owing to the formal resemblance between van't Hoff's osmotic 
pressure law and the equation of state of a perfect gas, many 
persons have held the view that the 
j osmotic pressure of a solution is a reti 

1 pressure existing within the solution and 

caused by the impacts of the solute 
molecules against any retaining surface. 
In order to make clear the illogical char- 
acter of such a view we will consider in 
some detail the molecular kinetic 'mia- 
pretation of the process of osmosis. 

9. The Molecular Kinetic Interprrii- 

tion of the Process of Osmosis, (a) 

Osmosis m the Case of Ideal SolutkNU. 

— Fig 20 represents two vessels eadi 

filled with a liquid A which for coi> 

venience we will designate as our solvent 

Each vessel is provided with a piston hj 

means of which the total pressure upon 

the liquid may be varied at will. The 

two ve-jsels are connected by a tube fitted 

' with a membrane, M, of infinitesim^ 

thickness which allows the molecules (^ 

A to pass through it, but which is impermeable to every other 

species of molecule. Let both vessels be initially under the 

same pressure and at the same temperature. 

The molecules of A being in constant motion will strike the 
membrane, M, from both aides and hence will pass through it in 
both directions, but since the concentrations of the A molecules 
and the temperature, pressure and other conditions are the same 
in both vessels, equal numbers of molecules will strike both sides 
of the membrane in unit time and hence the quantities of A pass- 
ing through the membrane will be the same in the two directions. 
Suppose now that we dissolve in the liquid in the right-hand 
vessel some substance, B, which forms an ideal solution with A. 
Since there are now fewer molecules of A per unit volume in the 
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^i right-hand vessel, the number of these molecules which can 
g strike the semipermeable membrane from the right in unit time 
^ must be less than the number which strike it from the left and 
-; hence there must be a flow of A from left to right through the 
5 membrane. In other words osmosis must occur. 
", This osmosis might be stopped (1) by raising the temperature 
j of the right-hand vessel or by lowering that of the left-hand 
^ vessel, or it might also be stopped (2) by raising the pressure on 
the right-hand vessel or* by lowering that on the left-hand vessel. 
. If the second method is employed the pressure difference neces- 
sary to make the rates of passage of the A molecules through the 
membrane the same in the two directions, is evidently what we 
have defined (XII, 7) as the osmotic pressure of the solution.^ 
One effect of increasing the pressure upon any liquid is to force 
the molecules closer together and, therefore, to increase the 
repulsive forces acting between them and hence to increase the 
vigor of their molecular impacts against any surface. By 
increasing the pressure upon the right-hand vessel, therefore, 
the vigor of the impacts of the A molecules against the semi- 
permeable membrane (and to a slight extent the concentration 
of these molecules as well) would be increased and the number 
of molecules which are able to pass through the membrane per 
unit time would consequently be increased. This is the most 
probable molecular kinetic interpretation of the process of 
osmosis and of the way in which the change of pressure on one 
side of the membrane brings the osmosis to a stop, in the simple 
case of an ideal solution. 

As the mole fraction of the B molecules in the right-hand 
vessel of Fig. 20 is increased the osmotic pressure increases in 
accordance with the integral of equation (19) and, as this in- 
tegral shows, the osmotic pressure must approach infinity as 
the mole fraction of B approaches unity. This statement 
holds true regardless of the natures of A and B. In other 
words no pressure difference, however great, would be able 
to prevent the passage of A molecules from pure A on the 
left of the membrane into pure B on the right. 

* Evidently an "osmotic temperature" for the solution might be similarly 
defined, if one wished to do so. 
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(b) Osmosis in General. — In the simple case of the ideal solu- 
tion just considered we have seen that the solvent would flow 
through the semipermeable membrane into the solution merely 
because there . is a . greater number of solvent molecules p» 
unit volume in the pure solvent than in the solution and hence 
the number of molecules striking the membrane from the sol- 
vent side will naturally be the greater. In other words the os- 
mosis in such a case would be a purely kinetic phenomenon and 
quite analogous to the passage of hydrogen gas through a 
palladium wall into a gaseous mixture containing hydrogen at a 
smaller concentration (Cf. II, 6). In general, however, the 
phenomenon of osmosis is a more complex process, one which is 
probably quite appreciably influenced by the attractive forces 
(neutralized in the cases of ideal solutions) which act between 
the molecules in the interior of the liquid. Thus when a strong 
aqueous sugar solution is separated from pure water by a mem- 
brane permeable only to the water, the rate of osmosis might 
be very appreciably influenced by attractive forces acting be- 
tween the sugar molecules on one side of the membrane and 
the water molecules on the other side of the membrane, or in the 
interior of the membrane if the latter is of appreciable thickness. 
The presence of such forces would affect also the pressure diffe> 
ence which must be established on solvent and solution respec- 
tively in order to stop the osmosis. This is only another way (rf 
stating that the osmotic pressure of a solution is in general a 
function of the thermodynamic environment prevailing within 
the solution. (Cf. XIII, 1.) 

In the above interpretation of the process of osmosis it will 
be noticed that we have said nothing about any pressure exerfd 
against the semipermeable membrane by the molecules of the solute, 
nor is it necessary that we should. Such a pressure would un- 
doubtedly exist, for the membrane is constantly being bombarded 
by these solute molecules, but this pressure is not the osmotic 
pressure of the solution. The osmotic pressure of a solution is, 
in fact, not a real pressure exerted by something within solution, 
but is instead an abstraction, representing simply the pressure 
difference which would have to be established upon solution and 
pure solvent respectively in order that the solvent should have 
the same escaping tendency from both of them. It is thus a 
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definite physical quantity quite independent of semipermeable 
membranes, osmosis or molecular theory of liquids. The partial 
pressure of the solute molecules against the semipermeable 
membrajie has, however, been frequently given as the cause of 
osmosis and has been identified with the osmotic pressure. To 
what extent this is justifiable will become evident from the 
following considerations, 

(c) Thennal Pressure and Diffusion Pressure. — When a dilute 
solution of B in A in the right-hand vessel of Fig. 20 is separated 
from pure A in the left-hand vessel by a membrane permeable 
only to A, the molecules of B which are constantly striking the 
■right-hand side of this membrane will exert against it a certain 
partial pressure, po, which we will call the diffusion pressure of 
these molecules, since it is evidently a measure of the tendency 
of the solute to diffuse into the pure solvent, the diffusion being 
in the above case prevented by the presence of the membrane. 
The following molecular kinetic analysis of the conditions at the 
surface of the membrane will aid us in appreciating the nature of 
some of the factors which determine the magnitude of this diffu- 
Kon pressure of the solute molecules. 

Let both hquids be under atmospheric pressure and consider 
the layer of B molecules which at any moment are just about 
1* strike the membrane from the right. If these molecules were 
not subject to any attractive forces from their neighbors, they 
Would exert against the membrane a pressure, pr, which will be 
called their thermal pressure and which would be equal to the 
pressure exerted by an equal number of molecules of a gas at 
Iheaame temperature and the same effective concentration. As 
s matter of fact, however, the layer of B molecules next the 
membrane will be subject to a pull backward by both the A 
and the B molecules which are behind them and to a pull forward 
hy the A molecules on the other side of the membrane. These 
different attractive forces will influence the force with which the B 
"wleeules strike the membrane, and will thus be a determining 
'setor in the effective pressure which these molecules will be 
'hie to exert against the membrane. If we call p^ ^^d pg the 
backward pulls (in pressure units) exerted by the A and the B 
■Doieoulea in the solution, and p\ the forward pull exerted by the 
A molecules'on the other side of the membrane, then the actual 
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pressure, Pd, which the B molecules will exert against the mem- 
brane, when they strike it, will be 

Pd = Pt+p\ - (Pa+Pb) (30) 

For the thermal pressure, pr, we might write 

VT^^^yCc„.RT (31) 

where Ccw, is the molal concentration of the B molecules^ co^ 
rected for the space actually filled by these molecules, the 
correction being made according to the method of reasoning 
employed by van der Waals in correcting the gas law for hi^ 
pressures. (Cf. II, 10a.) Ccor, will be called the effective con- 
centration of the B molecules. 

In the limiting case of an ideal solution p'a=Pa+Pb for all 
concentrations and in the case of any dilute solution^ as the 
concentration of the solute, B, decreases and approaches zero, I 
Pb approaches zero and p\ approaches Pa^ so that here also p a i 
= Pa+Pb« In words, the diffusion pressure of the molecules of ' 
the solute in an ideal solution or in an infinitely dilute solution 
is equal to their thermal pressure and hence is equal to the pres- 
sure which they would exert in the gaseous state at the same 
temperature and the same effective concentration. 

If we start with a solution in which the concentration of the 
solute is small, then as we gradually increase it, the value of 'Pd 
(equation 30) will evidently always remain finite and, if the 
solution is an ideal one, PD = PT = Ccor.RT for all values of the 
concentration. If the solution is not an ideal solution, the value 
of Pd is equal to CRT for small concentrations, but as the con- 
centration of the solute increases, Pd will at first increase more 
slowly than Ccor.RT, owing to the fact that Pa+Pb hi equation 
(30) is greater than p'a. As the concentration of the solute con- 
tinues to increase, however, a point may be reached where p\ is 
greater than Pa+Pb- If this is true, the value of Pd might for a 
time increase faster than CcorfiT. In other words the variation 
of Pd with the concentration is in general not predictable between 
infinite dilution and pure solute. When the mole fraction of the 
solute in the right-hand vessel becomes unity, however, p^ obvious- 
ly becomes zero and we have, Pz>=Pr+p'A~PB« 'Beyond the 
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fact that pb under these conditions must still be a finite quantity, 
we cannot make any general statement with regard to its magni- 
tude or even with regard to its sign, although these can usually 
be deteVmined in any specific case. 

In the preceding discussion we have considered the conditions 
which exist on the two sides of the membrane when both the solu- 
tion and the pure solvent are under the same total pressure and 
at the segne temperature. If the pressure or temperature of 
the solution be altered, however, there will be corresponding 
changes in the thermal pressure and the diffusion pressure 
of the solute molecules. Increase of pressure upon the solution 
will cause a corresponding increase in the diffusion pressure of 
the solute molecules and their diffusion pressure can be made 
numerically equal to the osmotic pressure, IT' defined by equation 
(13), by putting the solution under the pressure, P, also defined 
by that equation. In other words for the special case when a 
solution is in osmotic equilibrium with the pure solvent, the 
diffusior^ pressure of the solute molecules is equal in magnitude 
to the osmotic pressure, IT', of the solution. 

(d) Summary. — We may supti up our discussion in the following 
terms. Osmotic pressure, thermal pressure, and diffusion pres- 
sure are three quite distinct quantities and should be recognized 
as such. Briefly they are defined and described as follows: 

1. Osmotic Pressure. — The osmotic pressure of a solution is 
the pressure difference which must be established upon the solu- 
tion and the pure solvent respectively, in order to make the 
escaping tendency of the solvent the same from both of them. 
The osmotic pressure is, therefore, not a real pressure existing 
within the solution but is a definite physical quantity quite in- 
dependent of osmosis, semipermeable membranes or molecular 
theory. It is connected with the other coUigative properties 
of the solution by definite relations which can be deduced by 
purely thermodynamic reasoning. For dilute solutions the 
osmotic pressure becomes in the limit equal to CRT where C 
is the concentration of the solute, but as the concentration in- 
creases the osmotic pressure approaches infinity as its upper limit. 

2. Thermal Pressure. — Every molecular species in a solution 

possesses the unordered heat motion of all fluid molecules and by 

virtue of this motion its molecules may be considered as having a 
11 
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corresponding pressure. pr« called their thermal pressure. For 
dilute solutions of the species in question this pressure will be 
equal to CRT but as the concentration of the molecular species 
increase;? the value of pr also increases and approaches^a firvUe 
bf^ ufjKjJJv rt"^v Ictr^i upytT UmiL the thermal pressure of the 
mo^ecule^ in the pure liquid solute. If van der Waals' equation 
beld for the liquid, the thermal pressure would be equal to 

o. D:fi^s:c'i I^sf'.^nt, — The partial pressure which the solute 
ctioUvuIc:? :r. any solution would e:cert against a membrane per- 
meable only :o the solvent is oalled their diffusion pressure, po. 
For dilute solutions the diffusion pffvssure is equal to CRT 
but as the convvr.tration o: the solute increases, the diffusion 
t>ni\?!i^ure 'y^^.7i%^ i%::^ *\^ ,:<" vk^'^^^ cf C and reaches a definite 
linvl:ir^ \-:sluo who«?<" :v^*:r/.:uviv and sign depend upon the tem- 
tyrs:u?o, :hc external rrv^unL" and the attractive forces which 

Tho w>vy in whioh the three quantities, n. pr and pjy, change 
\v;:h :hc n:o.l;^ tr^i^vtion o: th^- sclu*e is illustrated graphically 

Vh:* Alxn ;' rather >ie:A::U\i trvAtni^nt o: these three quantities 
hAs Nw. ,l;vnuvl A,iv„<;^K:* Svaus*r o: the great confusion 
rt'^;::ir,:-::;j: :h; :n >«>.:>•>. o\:<rs :n tiiv l:t«:ra*ur^. The term osmotic 
Vri'^v.r:' ;< ".,vc?<^l> u<i;v, tv' ,io<:jrr-atc all three quantities, fre- 
sV-i'".: V %^ •.:>>",:: av>> ,srr;^:v,,At:cn .^;: the difference between 
^>..:v, vV:*..,::.' vr-^-^is^nri* :<:r:C-:=nt>rs;>.Vteii<rfas the "cause of 
x^ci*.v..*ct.<. ,s"..i A::vn',r:s Art' n'.A.l: tv ,'Al**ula5e the diffusion pres- 

fr;V5 :;i :v..nt. Neither th-r di5us3on pressure nor 
*rvss,:r\' :<v. ><' ;Al:ulAtc*i :rcs3i the freezing point, 
,-;s ^■/-^■ s ■*.* vv.,^ '■-*:' >,' a: vn .vr.n';»::::nx them. The osmotic 
-,vv.s:s. V .•■ '. :v >;.^ :/ ;,, ,'.:s\\ r','*'V;V'fc. st^e- Table XVII) and 

, •/ ./ ■/■,'. s. .'-* / . ■;' i4.'i :.:v' ." t^f sciluticin is so small that 
;:,*>. .s /. ■• , s ,-.v. :vn-^ .,'-'; An-.i ti?- Tslue of the osmotic 

.^.\^^>,. V ■ V ^^ . ' '. sv - *• '-V" .-•"::. ,*i: fA^'>. cthrJ. lien thc valuc 
,sj -j:-;* / \.N,^' V vvx. -V ^v,. .*- ;r*''?:'-,:<cr aj50 be known within 
liw^l ; .//. ;. V :■ .' :f' : , ^ . / V ,' ."> :" ^.^^n 7««scre in such a naan- 

•^ K'*>ftv\v x'^^^ /.V.N .'Nv.-r< jtn ;: Tm-.-r? knowledge of 
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21. — Illustrating the Difference in the Quantities, Osmotic Pre»- 
rhermal Pressure, Diffusion Pressure and Perfect Gas Pressure for a 
>n under Constant Pressure and at Constant Temperature. 
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the amount by which the numerical values of the two 
differ from each other for the solution in question and thai 
no very reliable method for determining this except by meaa 
the direct determination of the diffusion pressure itself, vV 
can be accomplished by means of rate-of-diffusion measurema 
The measurement of the rate of diffusion of the solute in agji 
solution is, in fact, the only safe and certain method for dd 
mining its diffusion pressure. 

The Boiling-Point Laws 

10. The General Boiling-point Law. — If to a solution (i 

non-volatile solute) at its boiling point, Tb, we add dN\ mol( 

solute, thus increasing its mole fraction by dxi and decreasing 

of the solvent by dx, then the decrease, —dp, in the vapor] 

sure of the solvent will, according to equation (18), be 

J Ax 

-dp=-p— 

If we now increase the vapor pressure to its original valui 
raising the temperature of the solution from Tb to Tb^-^ 
the solution will boil again and this increase in vapor pressui 
expressed by equation (16, XII) can be placed equal to the deer 
given by equation (32). We thus obtain the relation, 

L- dx 

' dTB=-p- 



or rearranging and putting RTb in place of pvo, we have 

dTB = f — d logc X 

From equation (10, XII) we obtain Tb = Tbo+Mb and d 
d(A<5). Making these substitutions in equation (34) we 

d{AtB) = T d lege X 

In order to integrate this equation it is first necessa 
express L^ as a function of A^^ which can be done then 
namically in terms of the specific heats of the pure solve 
the liquid and vapor states respectively. 



SOLUTIONS IV 165 

in a given case can be regarded as practically constant 
e range covered by A^^, the integral would be 

-0.4343L. Mb .^^. 

logioa;= — p^^ ^=r \po) 

111 Bo I B 

22 a comparison is shown between the values of Mb 
:ed from the general integral of equation (35) and those 
d by direct measurement in the case of some solutions 
ene. 

)ilute Solutions. — With the aid of Maclaurin's Theorem 
jgral of equation (35) can be obtained in a form in which 
ling-point raising, Ai^, is expressed as a power series in 
le fraction, Xi, of the solute (cf. equation 26) and if Xi is 
nough the terms of the series which contain its higher 
can be neglected in comparison with the term containing 
power. If this is done, the series-integral reduces to the 
ion, 

frequently the most convenient form of the equation to 
for dilute solutions. If the solution is so dilute that JVi 
neglected in comparison with N in the denominator, we 
ite 

A«5 = ^^£^^(approx.) (38) 

v^e let Ni be the number of moles of solute in 1000 grams 
nt this equation becomes 

If is the molecular weight of the solvent. The quantity 
)arenthesis is evidently composed of constants which are 
eristic of the solvent only, and are quite independent of 
ure of the solute. This parenthesis is called the molal 
•point raising for the solvent in question and is represented 
symbol, fc^. Equation (39) may, therefore, be written 

AtB=kBNi (approx.) (40) 
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Fio. 22. — The Boiling Point Law for Ideal Solutions. The curve il U» 
graph of the integral of the theoretical equation (35). The points 
Bent observed valuea of AIb for solutions of naphthalene and of 'dipbEDvI 
in benzene. (Measurements by Waahbum and Read, Jour. Amer. Clii 
Soc, 1916,) 
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In using equations (36), (37), and (40) it should be remembered 
that the last two are only approximate ones and that except for 
very small values of A^^ the three equations will give somewhat 
different results in a molecular weight calculation. In fact if 
either equation (37) or equation (40) is employed, due regard 
must be given to their limitations in comparison with the 
accuracy with which the value of Mb is measured and the desired 
accuracy in the molecular weight, for the case in question. For 
example, suppose that in order to determine the molecular weight 
of a substance in aqueous solution at 100°, the boiling-point 
raising for the solution is determined; and suppose that a solution 
containing 200 grams of the substance in 1000 grams of water 
gives A^fi = 1.000°, accurate to 0.001°. If we calculate the mo- 
lecular weight of the substance, we find 97.2 from equation (36), 
98.6 from equation (37), and 102.2 from equation (39 or 40). 
If an accuracy of 1 per cent, is desired, it is evidently necessary 
to use equation (36) in calculating the value of Mi in this 
instance. The use of equation (39) would give a result in error 
by 5 per cent. 

If benzene were the solvent instead of water and if 38.73 grams 
of the substance dissolved in 1000 grams of benzene gave A^^ = 
1.000° accurate to 0.001°, then the calculated values of Mi 
would be 97.2 from equation (36), 98.5 from equation (37), and 
101.6 from equation (39 or 40), very nearly the same values as 
in the case of water. 

Problem 9a. — Perform the calculation indicated above for the same sub- 
stance dissolved in alcohol, whose heat of vaporization at the boiling point, 
79.S**, is 9990 cal. per mole. 

In practice equation (40) is usually employed in molecular 
weight determinations by the boiling-point method and the 
constant, fc^, is determined by first finding the value of A^^ for 
a solute of known molecular weight, and then solving equation 
(40) for ks' This empirical value of fc^ is then employed in 
calculating the value of Mi for a solute of unknown molecular 
weight. This method of operation usually gives a more accurate 
value of Ml than is the case when kg is' calculated from L^,, 
owing to a partial compensation of errors. In general, however, 
it is better and is always safer to employ equation (37) or better 
still equation (36) and to determine L^, if necessary, by a boili 
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point determination with one or more solutes of known mo 
lecular weights. 

Problem 10. — The heat of vaporization of benzene at its B. P., 80.2**, i 
94.4 cal. per gram. Calculate the molal B. P. raising for benaene. 

Problem 11. — A solution of 68 grams of a certain substance in 1000 gram 
of benzene boils 1.00^ higher than pure benzene. What is the mcdecula 
weight of the substance? 

Problem 12. — A solution of 66 grams of camphor, CioHicO, in 1000 gram 
of ethyl alcohol, CjHaO, boils at 79.3 1"*. The pure alcohol bcnls at 78.81* 
Calculate the latent heat of vaporization of alcohol at its boiling point 
(Use equation (37)). 

Problem 13. — The latent heat of vaporization of water at 100"* is 540.' 
cal. per gram. Approximately how many grams of dextrose, CcHitOi 
must be dissolved in 100 grams of water in order to raise its boiling poin 

o.r? 

The Freezing Point and Solubility Laws 

12. The General Freezing Point and Solubility Law. — If w( 

put T=Tp in equation (19) and then combine with equatiot 
(17, XII) so as to eliminate dll, we have the desired relationj 
which is 

RTp^ Ax 

dTj.= —^- (4i; 

Lp X 

From equation (11, XII) we have 2V= Tp^—Mp and dTp= 
— d(Atp) and hence 

d(Af^)= ~^^^;'~^ -^'dlog,x (42) 

Lp 

It can be shown thermodynamically (XX, 00) that 

Lp=LF,-ACp{Atp) (43) 

where Lp^ is the molal heat of fusion of the pure solvent at its 
freezing point and ACp is the difference in the molal heat capac- 
ities of the solvent in the liquid and crystalline states, respect- 
ively. Combining this relation with equation (42) gives 

d(A<.) = ~^^'^''~^f ^ d log. X (44) 

Lp^—ACp{Atp) 

and on integration we find 
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as the general equation for the freezing point lowering of an ideal 
3T a dilute solution. In this equation x is the mole fraction of 
the solvent in the solution and here, by the term ''solvent/' is 
meant that constituent whose pure crystals are in equilibrium 
with the solution. TVo ^ ^^^ absolute melting point of these 
crystals and Lp^ is their molal heat of fusicMi at T^o* It may 
happen in a given case that ACp is so small that it can be 
neglected; and then the above equation reduces to 

Blog.x=^^ (46) 

lo«»o x= — (47) 

Problem 14. — Pure naphthalene, Cio Hg, melts at 80.09^C. and its molal 
heat of fusion is 4560 calories. At what temperature will a solution com- 
posed of 76.9 grams of naphthalene and 61.6 grams of diphenyl, CisHioi be 
in equilibrium with crystals of pure naphthalene? (ACp is negligible.) 

Problem 15. — Pure diphenyl melts at 68.95®C. and its molal heat of 
fusion is 4020 calories. At what temperature will a solution composed of 
46.1 grams of diphenyl and 89.6 grams of naphthalene be in equilibrium with 
crystals of pure diphenyl. (ACp is not known.) 

A solution made up of two components, A and B, has at least 
two freezing points^ one being the temperature at which the solu- 
tion is in equilibrium with pure crystals of component A, and 
the other the temperature at which it is in equilibrium with pure 
crystals of component B. The freezing-point diagram for such a 
system will therefore consist of two curves, one of which repre- 
sents the temperatures at which solutions of varying composition 
are in equilibrium with crystals of component A, and the other 
of which represents temperatures at which the solutions are in 
equilibrium with crystals of component B. Such a diagram is 
shown in Fig. 23, mole fractions being plotted as abscisssB and 
Freezing points as ordinates. The temperature at which these 
two curves intersect each other is called the eutectic point and 
is the temperature at which a solution having the composition 
Bhown by the abscissa of the point is in equilibrium with both 
crystalline phases at the same time. Evidently there is only one 
temperature and one composition of solution for which this con- 
dition can exist. For an ideal solution the two freezing point 
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curves will be the graphs of equation (47) [or more accurately of 
equation (45)] for the two components, respectively, and by 
solving these equations simultaneously, the position of the 
eutectic point can be readily calculated. A comparison of the 
values thus calculated with values obtained by direct measure- 
ment for the systems, naphthalene-diphenyl, diphenyl-benzene, 
and naphthalene-benzene, is given in Table XVIII below and 
the complete freezing-point diagram for these three systems is 
shown in Fig. 24. 

The curves shown in this figure are frequently called solubility 
curves as well as freezing point curves. The reason for this dual 





' 1 — r- -■ I ■ 1 1 1 , L-_ 


4_MELTINa 


i > 


>^ 


POINT OF B 


^r 




& 


^ 




D 


^r 




H 


^r 




Ui 


J^X 




a. 


^X 




11 


'^X 




H 


f 




MELTING., 
POINT OF A 












XV 






X EUTECTIC fOINT 






/ \ 






/ \ 






/ \ 






' 1 I I I 1 1 1 1 1 










B=( 


D 0.1 0.2 0.3 0.4 0^ 0.£ 0^ 0^ 0.9 


I =B 


A=^ 


1 0.9 0.8 0.7 0.6 0.5 0.4 0l3 Oi OJ -A 




■< MOLE FRACTIONS ► 





Fig. 23. — Typical Preezing-Point Diagram for a two Component System. 

naming is the following : If we take any point, P, on the naphtha- 
lene curve (Fig. 24), the ordinate of this point represents the 
temperature at which a solution having the composition given 
by the abscissa will begin to deposit crystals of pure naphthalene 
when it is cooled down from some higher temperature. In 
other words it is the freezing point of the solution with respect to 
naphthalene. On the other hand, if we take a quantity of pure 
liquid diphenyl and shake it with an excess of naphthalene crystals 
at the temperature corresponding to the ordinate of the point, 
P, the naphthalene will "dissolve" in the diphenyl until the com- 
position of the resulting solution reaches the value given by tlw 
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abscissa of the point, P. The quantity of naphthalene which 
dissolves under these conditions is called the solubility of naph- 
thalene in diphenyl at the temperature in question. Obviously 
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Fig. 24. — Freezing-Point — Solubility Diagram for the Systems, Naph- 
thalene-diphenyl, Napthalene-benzene and Diphenyl-benzene. The 
curves are the graphs of the theoretical freezing point equation (47) and 
are named according to the substance present as the crystalline phase. 

the curve shows how this solubility varies with the temperature. 
Hence the name, " solubility curve." Solubility may be expressed 
in any one of the various ways in which composition of a solu- 
tion is expressed, as explained in Section 5 of Chapter XI. 

Problem 16. — Calculate the solubility of naphthalene in benzene at 0°C. 
The data necessary for the calculation are given in Table XVIII. Express 
the result as grams of naphthalene per hundred grams of solution. Cal- 
culate also the solubility of naphthalene in toluene at 25^ in the same units. 
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This problem is given in order to emphasize the fact that, at 
any given temperature, the solubility (expressed as the molecular 
fraction of the molecular species in question) of any pure crystal- 
line substance in a liquid with which it forms an ideal solution 
depends only upon the heat of fusion and the melting point of 
the crystalline substance in question and is not dependent upon 
the particular liquid in which it is dissolved. 

Table XVIII 

Comparison of the eutectic temperatures calculated from the freei- 
ing point law for an ideal solution with the values obtained by direct 
measurement. 

Measurements by Washburn and Read, Proc. Nat. Acad. ScL 1, 191 (1915). 



• 

Substance 


Melting 
point 


H eat of 

fusion 

per mole 

(calories) 

Lf 


Observer 


Observed 
eutectic 
tempera- 
ture 


Calculated 
eutectic 
tempera- 
ture 
(equation 
47) 


Benzene 
C.H, 


5.48 


2370 


DemerUac 
J. Meyer 


Benzene-naphthalene 


-3.48 


-3.56 


Diphenyl 
CeHe CeHs 


68.95 


4020 


Washburn 
and Read 


Benzene-diphenyl 


-5.8 


-6.1 


Naphthalene 

C4I14— Cj— 

C4H4 


80.09 


4560 


Alluard 
Pickering 


Naphthalene-diphenyl 


39.4 


39.4 



13. Freezing Points of Dilute Solutions. — When the mole 
fraction of the solute is small we may integrate equation (44) 
by means of Maclaurin's Theorem in exactly the same way as 
in the case of the corresponding boiling point equation and obtain 
the similar equations, 



Alp = -J Xi = —i- — 



and 



Ljpo Lfo N+Ni 

Atp = T ^° -T7 (approx.) 
LiFo Jy 



(approx.) 



(48) 

(49) 

(SO) 
(51) 
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which correspond exactly to the boiling point equations (37), 
(38), (39) and (40) and are applicable under analogous conditions. 
The constant, kp, is called the molal freezing point lowering 
for the solvent in question. Equations '(49~51) are usually- 
known as the Raoult-Van't HoflF equations. 

In words equation (51) states that as the solution becomes more 

and more dilute the molal freezing point lowering, ^> should 

approach a constant, kp, which is characteristic of the solvent 
and which can be calculated from the relation, 

_ MRTp,^ 
'^^■" 1000 Lp, ^^^^ 

For aqueous solutions we have, ilf=18, 72 = 1.985 (see II, 7), 
r^^ = 0°+273.1°, = 273.1°, and Ljj., = 18X79.60 cal. (see X, 6) 
and hence kp = 1,86^. Bedford* determined directly the value of 

the ratio, -^9 for a series of cane sugar solutions of concentra- 

tions ranging between 0.005 and 0.04 molal and found it to be 
constant within the limits of experimental error and equal to 
1.86°. (See Fig. 27.) 

For aqueous solutions of substances such as the alcohols and 
sugars which resemble water somewhat, the thermodynamic 
environment may be expected to remain approximately constant 
up to concentrations as high as one or two weight-molal, and 
for such high concentrations the general freezing point equation 
(45) should always be employed rather than any of its approxi- 
mate forms (equations 48 to 52). With the aid of Maclaurin's 
Theorem this general equation can be put in the form of a series. 
If this is done and the numerical values of the constants for water 
are substituted, the two expressions, 

xi = 0.009690(A<i. - 0.00425A<V) (53) 

Atp = 103;20(a:i+0.428a:i2) (54) 

are obtained. For ideal solutions in which water is the solvent 
these expressions are accurate to 0.001° provided Atp is not 
greater than 7°. 

In Fig. 25 is shown the graph of these equations together with 
the observed values of Atp for methyl and ethyl alcohols and for 
cane sugar. The agreement in the case of the alcohols is very 
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food but the observed points for cane sugar fall below the theo- 
retical curve. If, however, we assume that cane sugar ezistB 
ftu solution m the form of the hydrate, Ci2Hs20ii*6HtO, and 
eiilculate the mole fractions of this hydrate by means of equation 
(23) the points thu^ obtained (dotted circles in the figure) fall 




I;' Hi. 25. — The Freezing Point Law for Aqueous Solutions. The curve 
)« liijti gruph of the theoretical equation, (52). The points represent ob- 
fe4.-ivfcd values of Atp for the substances indicated, [Technology Quarterly, 
Ul/.i7t^ 0908)]. 

i Aiiutly oil the theoretical curve, thus confirming the osmotic 
/w'-^ft'iiii results for these solutions (see Table XVII). The 
;».c*jHt-: for the alcohols indicate that they are either not hydrated 
ff, i,t^ni:tiHii Holution or else that the hydrate is one containing 
s^*A mnii' tlian one molecule of water. The data do not warrant 
^ ;/v/;/<; t'^KiioX (;onclusion than this owing to the assumption of 
i j^ Oft initWvM\i\r weight of water. 
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»^^ein 17. — Calculate the freezing point of a weight molal solution of 
ifcX hydrate, CCl,COHHiO, in water. 

^1>lein 18. — From the data given in Table XVIII calculate the volume 
^rthane, CH4 (measured under standard conditions) which must be 
ftved in 1000 grams of benzene in order to lower its freezing point 0.6^. 

IL The Solubility Law for Dilute Solutions. — In the case of 
Jie solutions the term freezing-point curve is usually restricted 
"lie curve representing the temperatures at which solutions of 
^ring composition are in equilibrium with the pure crystalline 
^^nt; while the term, solubility curve, is applied only to the 
"ve which represents the compositions of solutions which at 
'«rent temperatures are in equilibrium with the pure crystals 
the solvte. In the former case the heat of fusion of the sub- 
nce present in the crystalline state (i.e., the solvent) is iden- 
il with its heat of solution in the "dilute solution," for by 
Inition (XIII, 3) this solution has the same thermodynamic 
•ironment as that which prevails in the pure liquid solvent. 
the latter case, however, this condition is not true except for 
ftl solutions, for the thermodynamic environment in a dilute 
tition is in general very diflferent from that which prevails 
the pure liquid solute. Equation (41) applies to both cases 
; in the latter case in place of L^, the molal heat of fusion of 
: solute crystals, we must write L5/., the molal heat of solution 
these crystals in enough solvent to form a "dilute solution." 
uation (41) would, therefore, read 

d2'= ^ ^ (55) 



( 



ere T is the temperature at which the crystals of the solute 
i in equilibrium with a dilute solution in which the mole frac- 
CL of the solute is xi and Lsi. is the heat absorbed when one mole 
the solute crystals is dissolved in enough of the solvent to 
m a "dilute solution." 
tf we assume Lsi. constant, the integral of this equation is, 

. x\ 0.4343 L^z. /I 1 \ .... 



IT© PRINCJPLBS OF PHYSICAL CHEMISTRY [Osa. Iff 

or, ^nce X\ is small, 

, S' 0.4343I.S*. /I 1 \ , 

'°«'" S = R \t~t) C^PP""^) 

where S is the solubility of the solute (expressed in any deaiied 
uuits) at the temperature, T, and S' is its solubility at thetem- 
perature, 7", 

Problem 19.^The solubility of iodine, I,, in wster is 0.001341 molepff 
liter at 2W and 0.0(Ml6O mole per liter at 60°. What is the molal hegl of 
Boliition of iodine within this temperature range? What ia the aolul ' 
iodine at 40°? 

Ifi. The Application of the Solution Laws to the Interpretatioa 
of Processes Occurring within the Solution, (a) The Dis- 
tributioo Laws.^ — iStnce all of the solution laws discussed inte 
chapter involve the molecular weight of at least one of the cot 
stituents, they are made the basis for the determination of molw- 
ular weights in solution. In emploj-ing the laws for this purport 
the »88uniptions implied in their derivation and the exact sipufi- 
canoe of the quantities which they involve must be kept clearljin 
mimi. Thus in using any one of the distribution laws it 
always be romembered that these laws are derived only fortta 
distrihution of « given mdeatlar species and it is the mole fraeli« 
or concentration of the molecular species in question which belong - 
in the equation of the law and not the ioloi mole fraction of ll* n 
nolute, if thelatterhapi>ens tobemadeupof morethanonenKjIf" t 
ular species. For example, when acetic acid is in distribuWB ^ 
equilibrium between water and benxene there are present intw g 
B)-8tem the tww molecular species, CHjCOOH and (CHjCOOffi 1 
and each species will distribute itself between the two phasa" ; 
accordance with the distribution law and will have its own chs^ x 
ftoteristic distribution constant. But if we were to substiWM ^ 
In the distribution law (equation (I5'i1 the mole fraction of set"' li 
Reid in oach phase, arbitrarily calculated on the assumption tin ^ 
It pxlstB only as CHjCOOH-moleculef in both phases, we «"l * 
fltid diet the "distribution constant" thus calculated w»" k 
funti bcltift constant. In other words, the law would appww ■ 
(IHt tip nlw^Td, The failure of the law in such a case wonW' (J 
Hhli' Rtt ftpimrent one. however, owing to the fact that m In" ^ 
MtVlidh lt|Mot«nc« not substituted the proper values in ''' I'l 
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equation. We have an example of a deviation of this character 
in Table XV where the values of the calculated distribution con- 
stant are seen to decrease slightly but steadily as Cu, increases. 
It is known from independent evidence, however, that the mer- 
S! curie bromide is partially dissociated in the water layer and that 
f^ the degree of this dissociation increases with the dilution of this 
layer, that is, it increases as Cw decreases. • The result is that the 
true value of C«, for the HgBra-molecules is in reality less than 
the total concentration of mercuric bromide in the water layer by 
an amount which is proportionally greater the smaller Cw and 
this is sufficient to account for the slight apparent deviation 
from the law shown in Table XV. 

(6) The Osmotic, Freezing Point, and Boiling Point Laws. — 
With reference to those solution laws which involve one of the 
coUigative properties of the "solvent'' (the freezing point, boiling 
point, and osmotic pressure laws) it should be remembered that 
in the equations of these laws (equations 25 to 29, 37 to 40, and 
48 to 51)) the quantities Xi, iVi, and Ci, referring to the amount 
of the solute molecules, signify (as is evident from the derivation 
of these equations) the total mole fraction or concentration of 
all species of solute molecules in the solution and not the value for 
some one of these molecular species as was the case for the dis- 
tribution laws. For example, if one gram molecular weight of 
acetic acid (CH3COOH) were dissolved in 1000 grams of benzene, 
the quantity Ni in equation (51) would be unity provided all of 
the acetic acid when in solution existed in the form of CH3COOH- 
molecules. If, however, half of it were in the form of 
(CH3COOH)2-moleculeSy the solution would actually contain 
0.25 gram molecular weight of (CH3COOH)2-molecules and 0.5 
: gram molecular weight of CH3COOH-molecules or altogether 
0.76 gram molecular weight of solute molecules and this is the 
value for Ni which would then belong in equation (51). Since 
the molecular condition of the acetic acid in the benzene is not 
known in advance we could evidently obtain so^e light upon this 
question by measuring the freezing point lowering produced by 
known quantities of acetic acid and then calculating the value 
of Ni and hence the molecular weight by means of equation (51). 
(c) Molecular Weights itt Solution. — By the investigation 

of the behavior of solutions with reference to the solution laws 
12 
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the following facts regarding the molecular weights of substances 
in solution have been ascertained: (1) Almost all substances 
(except salts, acids and bases) when dissolved in water, alcohol, 
ether, acetic acid, or in general any solvent containing oxygen 
in its molecule have either the same molecular weight as they have 
in the gaseous state or a greater molecular weight due to the fact 
that they have united with some of the solvent to form SLSolvaie, 
(2) The same statement is true of almost all organic substances 
(except those which contain an hydroxyl group) when dissolved 
in any solvent. (3) Compounds containing hydroxyl (alcohols, 
acids) when dissolved in organic liquids whose molecules contain 
no oxygen (hydrocarbons, halogen and sulphur compounds, etc.) 
are associated (III, 5), at least partially, in the solution. (4) 
Salts, acids, and bases in many solvents, especially in water, have 
apparently molecular weights sinaller than those corresponding 
to their formulas, that is, they are dissociated, at least partially, 
into smaller molecules. This dissociation, known as electroljrtic 
dissociation (I, 2g), and the properties to which it gives rise will 
form the topic of the next division of our subject. 

(d) The Interpretation of Experimental Data. — ^Probably the 
greatest source of uncertainty in the use of the solution laws for 
interpreting the processes occurring within a solution lies in the 
difficulty of distinguishing between apparent divergencies from 
the laws, such as those described above, and real divergencies 
resulting from the fact that the thermodynamic environment 
within the solution is not constant. Frequently divergencies 
from both sources are present simultaneously and it is necessary 
to use great caution in drawing conclusions in such instances and 
to confirm any conclusions drawn, by evidence from sources of 
an entirely different character. The interpretation of scientific 
data with the help of a set of derived relationships such as the 
laws of solutions cannot be intelligently made unless the deriva- 
tion of the laws and all of the assumptions involved therein are 
clearly understood by the one who is attempting to employ them. 
The literature of chemistry unfortunately abounds with examples 
illustrating the truth of this maxim and it is for this reason that 
so much space and attention have been devoted to the derivation 
of the solution laws in this chapter. It may be well to mention 
also at this point a not infrequent error in logic made by beginners. 
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Suppose, for example, that postulating A and B as true we can 
demonstrate by purely logical reasoning the truth of C as a neces- 
sary consequence. Evidently then if we are able to prove by 
experiment that A and B are true, we at the same time establish 
the truth of C. Suppose, however, that we are able to show by 
direct experipient that C is true. It by no means follows from 
this that A and B are true, however. Before we are justified 
in drawing this conclusion we must first demonstrate that A and 
B are the only possible or reasonable assumptions from which 
the truth of C can be shown to follow. In other words if a derived 
relation, such as one of the solution laws for example, is found 
experimentally to hold true for a given case, it by no means 
necessarily follows that the assumptions on the basis of which 
the relationship was derived also hold true for that case. 

Problem 20. — Show that equations (28, 29, 38, 39, 49 and 50) are independ- 
ent of the molecular weight of the solvent and that hence no information con- 
cerning the molecular weight of a solvent can be obtained from freezing point, 
boiling point or osmotic pressure measurements of dilute solutions. 

Problem 21. — ^A certain molecular species in dilute solution is in distri- 
bution equilibrium between two solvent?. If equation (9) holds true for the 
vapor of this species above the two solvents show that equation (16), 

^rr- = const., must also hold true. If equation (9) is not true but if instead the 

relations, pi = kjlfi + ik'i^i' and p2 = Aj?^« + Aj'jj^j*, hold true for the 
vapor pressures of the solute from the two liquid phases respectively, show 

that the relation -j^ = const., will still hold true within 0.1 per cent, for all 

cases in which Ij^ — ~Tt) — *^ 0.001. 

Problem 22. — Two liquids, A and B, when shaken together dissolve in 
each other forming two nonmiscible solutions. Show with the aid of 
thermodynamics (X, 10) that neither substance can obey the vapor pressure 
law of Ideal Solutions (equation 3) in both solutions; in other words, that two 
liquids cannot form an Ideal Solution with each other unless they are mis- 
dble in all proportions. 

Concentrated Solutions in General 

16. Solutions of Variable Thermodynamic Environment. — 
Whenever the thermodynamic environment in a solution varies 
^th its composition, the laws developed in the preceding sections 
Df this chapter are no longer applicable. The magnitude and 
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direction of the departure from these limitii^ laws in any gtvcai 
ease depends upon the natures of the constituenta of the BolutioD 
and for this reason a satisfactory quantitative theory for solutiuis 
in general has not yet been developed (cf , XII, 9) and owmg to 
the nature of the problem there seems to be no immediate likeli- 
hood that such a theory will be formulated. In working, there- 
fore, with solutions in which the thermodynamic environment 
cannot be regarded as constant (and this is the case with most 
solutions), each solution must be treated as a problem by itself 
and the quantitative relation connecting some one of its colligatm 
properties (the vapor pressure, for example) with the compodtioii 




must be determined by direct experiment. The other relatiou 
can then be derived with the aid of thermodynamics. Althoa^ 
a quantitative theory for solutions in general is lacking, there an 
a few useful principles of a qualitative nature which are apfdie- 
able to all solutions and which are of considerable practical sboA- 
ance in the intelligent carrying out of some of the operations to 
which solutions are subjected in the laboratory and the indt* 
tries. We shall discuss two of these briefly. 

17. The Theory of Distillatioa. — The boiling point-compodtioi 
curves for homogenous liquid mixtures may be convenientir 
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divided into three types which are illustrated in Fig. 26. In 
type I the boiling point rises continuously from the boiling point 
of one pure constituent to the boiling point of the other. The 
curve for ideal solutions is of this type. Type II exhibits a 
maximum and type III a minimum boiling point at a certain 
composition. 

If a homogeneous liquid mixture of two constituents be sub- 
jected to fractional distillation at constant pressure, it is obvious 
that as the distillation progresses the more volatile portion of 
the mixture will collect in the distillate while the less volatile por- 
tion will remain in the residue. Or in other words the composition 
of the distillate, contimbously approaches that of the liquid having 
the minimum boiling point, while the composition of the residue 
continvmisly approaches that of the liquid having the m^odmupi 
boiling point. This is the principle at the basis of the theory 
of fractional distillation. Its application to specific cases will 
be understood by the solution of the following problems. 

Problem 23. — Each of the four solutions having the compositions indicated 
by the dotted lines in Fig. 26 is separated as completely as possible into two 
portions by fractional distillation at constant pressure. What will be the 
composition of each portion assuming that the boiling point curve is (1) 
of type I, (2) of type II and (3) of type III? 

Problem 24. — In making up a standard solution of hydrochloric acid it 
is sometimes convenient to remember that if any hydrochloric solution of 
unknown strength be taken and boiled in the open air (760 mm.) for a suffi- 
cient length of time, it will attain the composition 20.2 per cent. HCl, 
boiling at 110**, and may then be diluted to the desired strength. Draw a 
diagram showing the character of the boiling point curve for HCl solutions 
in water. See Table XII for the additional datum required. 

18. Distillation of Nonmiscible Liquids. — When liquids which 
are mutually insoluble (or practically so) in one another are heated 
together the mixture will boil when the sum of the separate vapor 
pressures of the components reaches a value equal to the external 
pressure on the mixture. This temperature can be readily 
determined if the vapor pressure curves of the component liquids 
are known. It will necessarily be lower than any of the boiling 
points of the components and may be far lower than some of 
them. This makes it possible to effect the distillation of a high 
boiling liquid at a temperature much below its boiling point with- 
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Experiment. Calculate the osmotic pressure of the solution. (An- 
2t7.1 atm. Compare with the observed osmotic pressure given in 
XVI.) (See prob. 6, Chap. XII.) 

^lem 28. — At 30° the vapor pressure of pure ether (C4H10O) is 64 
id that of pure water is 3.1 cm. When the two liquids are shaken 
Br at 30°, 1 gram of water is dissolved by 73 grams of ether and 1 
>f ether by 18.8 grams of water. Calculate the total vapor pressure 
"the mixture. 

blem 29. — Five liters of air measured at 20° and 1 atm. are passed 
Zh a saturater containing liquid ether at 20° and the air saturated 
Bther vapor issues from the saturater under a total pressure of 1 
phere. The vapor pressure of ether at 20° is 44.2 cm. How many 

of ether will be vaporized? 

blem 30. — In problem 10 if the CCU solution is shaken with 9 sucoes- 
Drtions of water of 3 liters each, how many grams of iodine will be left 

ecu layer? . 

blem 31. — The latent heat of vaporization of gydohexane is 89 cal. 
am at its boiling point, 81 .5°. How many grams of anthracene (Ci 4H10) 
be dissolved in 200 grams of cyclohexane in order to raise its boiling 
0.1°? 

blem 32. — At what temperature will a solution of 1 gram of toluene 
iCHa) in 1000 grams of benzene be in equilibrium with crystals of 
ne? See Table XVIII for additional data. 

blem 33. — The freezing point of water saturated with pure ether 
oO) is —3.84°, and that of a water solution which is in equilibrium 
m ether solution containing in 156 grams of solution, 8.0 grams of a 
carbon (having 6.25 per cent, of hydrogen) is —3.72°. Derive an ex- 
on by means of which the molecular weight of the hydrocarbon may 
proximately computed from these data alone. State clearly the as- 
bions made in your derivation. What is the empirical formula of the 
icarbon ? 

blem 34. — The freezing point of an aqueous solution of a non-volatile 
lectrolyte is —0.125°. What will be its boiling point at 760 mm.? 

at 750 mm. ? 

blem 36. — When benzene is shaken with successive portions of a 0.1 
t molal aqu«50us solution of a non-electrolyte until distribution equi- 
m is attained, the benzene solution thus formed is found to have a 
ng point lowering of 0.253°. If 2 liters of a 0.05 weight molal aqueous 
on of the non-electrolyte be shaken v/ith 4 liters of benzene until 
brium is reached, what will be the freezing point of the aqueous solu- 
emaining ? 
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CHAPTER XV 

THE COLLIGATIVE PROPERTIES OF SOLUTIONS OF 

ELECTROLYTES 

1. The Molal Freezing Point Lowering. — ^We have already 
learned (XIV, 13) that the molal freezing point lowering(-77- =kp) 

iVi 

for any solvent should theoretically reach a constant limiting 
value in dilute solution and that for aqueous solutions this 
limiting value should be 1.86^. In the case of all aqueous solu- 
tions which do not conduct electricity this theoretical con- 
clusion has been completely and quantitatively confirmed by 
direct experiment, not a single exception to it having ever been 
discovered. But in the case of all aqueous solutions which do 
conduct electricity this conclusion is apparently never confirmed, 
since such solutions without exception give decidedly larger 
values than 1.86° for the molal freezing point lowering at in- 
finite dilution. These facts are illustrated graphically in Rg. 
27. In the case of sugar solutions the value of kp is constant 
and equal to 1.86° for all values of Ni below 0.01. With salts 
of the types of KCl and MgSOj the values of kp are all larger 
than those for sugar and gradually approach the limiting value, 
3.72° ( = 2X1.86°) as ^i decreases. The values for BaOi 
are still larger and approach a limit which is evidently close to 
5.58° ( = 3X1.86°) while in the case of KsFeCye the limiting 
value must evidently be close to 7.44° ( = 4X1.86®). These 
figures are typical of those obtained with all solutions of sub- 
stances which conduct electricity. The Umiting value of hf 
instead of being 1.86° is invariably some small exact multiple 
of this number. In other words the freezing point lowering 
is always much larger than the value corresponding to the mo- 
lecular weight of the solute. 

2. The Other Colligative Properties. — From the results ob- 
tained for the freezing point lowerings of aqueous solutions of 

1%4 
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substances which conduct electricity it necessarily follows 
(see XII, 8) that the other coUigative properties of these solu- 
tions, the osmotic pressure, the boiling point raising and the 
vapor pressure lowering, must likewise be abnormally large and 
this is completely confirmed by the results of experiment. Thus 
the osmotic pressure of a 0.5 weight molal solution of KCl at 
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Fig. 27. — Variation of molal freezing point lowering with concentration 
for aqueous solutions. The centers of the circles represent Bedford's meas- 
urements. The crosses are measurements by Adams (Jour. Amer. Chem. 
Soc, Mar., 1915). Bedford has not published his individual values for sugar, 
merely stating that they were constant for the above range. The crosses 
on the lower curve are Adams' values for mannite. 



25° has been found^ to be larger than 20 atmospheres and its 
relative vapor pressure lowering is 0.014. The corresponding 
values for substances which do not conduct electricity are 12 
atmospheres and 0.009. 

These facts and a great many others concerning the behavior 
of solutions which conduct electricity find their only successful 
interpretation in the Ionic Theory which was first proposed by 



I.^ FStlSClFLES Of PHYSICAL CHEMISntT -Cbmb. XT 



Arrfaimiic^ in 1387. In the following P>SBS the taaie: Tbearf wS, 
tber^ore, be empbxyed ss the frskmewoAfocib^sjaSbaBsatie^ 
opmezLt stnd preaoitadoci of oar ymeiis 
nicna of electrolytcs. 

3* The look Theocj. (a) Efa Uiulylk IobbbHob. — A tuaiiuf 
tr> i;he Iridic Tbeoiry wfa^i a salt, sach as KCl for eaampfe^ ■ 
f&»oWefi in wsbieTj part f^ iis nu^eeoles sptrc up cv «fiasDcxafie in 
i^uch a waj that the valence electron (Ir 2^) of the pntanrfirm 
remainii attached to the chlorine atom which thus becomes 
charged with one unit of negative deccricity wiuHe the pot^samn 
atom i* left with a charge of one onit of poscire eLectriotv. 
F^ach of these charged atom:§ attaches to itaelf a certaizL rnxzobs d 
water molecules and the two electricallT charged compfexes tius 
formed are termed ions 'I, 2^). It is the presence of these ions 
which gives to the solution its power to condiict electzieity and 
any srib^tance which is capable of ionizing in this way is caOed 
an electrotyte. Positive ions are called g^Hnng and negatire 
ions, aniong. The dissociation or ionizaticHi of the potaaaam 
chloride may be represented symbolically by the foDowiiig 
reaction: 

KCVscjMj ^aq = KCl-o^ = Ka(Hrf)), = 

[K^H,0)J-+[C1(H,0)J- (i: 

Th^; symbol aq attached to the formula of a substance means 
hirnply that the substance is dissolved in a large amount of 
water. The groups [-KrHsOJ-^ and [aCH^O).]- are the two 
ionn. The numerical values of m and n in these expressiQiis 
are not known and it is usually customary to omit the attached 
water in writing the sjTnbol for an ion. Thus the ioniiaticm 
reaction for KCl is usually abbreviated thus, 

KCl ^ K+ + CI- (2) 

The character, 4=^, indicates that there is a chemical equili- 
brium (I, 9; between the two ions and the un-ionized molecules, 
that is, the ionization of the KCl at finite concentrations is not 
complete, a certain number of un-ionized molecules always 
lx;ing pres^mt in the solution. As the solution is diluted more 

* SvanU; Aijgu8t Arrhenius, (1859- ). Director of the Laboratoiy of 
Physical C^hfyrniHtry of the Nobel Institute in Stockholm. 
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E and more, however, the number of un-ionized molecules con- 

z tinually decreases and finally at infinite dilution the KCl is 

completely ionized and for every mole of KCl which was originally 

dissolved there are actually present in the solution two moles of 

^ solute molecules, the two ions. The molal freezing point lower- 

^ ing of this solution should, therefore, be just twice as great as the 

value for a substance like sugar whose molecules do not break up 

in solution. The same is true of MgS04 which ionizes thus, 

MgS04 = Mg+++S04~ (3) 

the two ions in this mstance being each charged with two units of 

- electricity, since the sulphate ion retains both of the valence 

- electrons of the magnesium atom. Barium chloride ionizes 
thus 

BaCl2 = Ba+++2Cl- . (4) 

giving one doubly charged barium ion and two singly charged 
' chloride ions. One molecule of BaCU when it ionizes gives, 
therefore, three solute molecules and its molal freezing point 
lowering at infinite dilution ought to be just three times 1.86° or 
5.58°. Similarly KsFeCye ionizes thus 

KsFeCy 6 = 3K+ + FeCy e" " " (5) 

to give three singly charged potassium ions and one triply charged 
ferricyanide ion. Its molal freezing point lowering at infinite 
dilution ought therefore according to the Ionic Theory to be 
exactly four times 1.86° or 7.44°; all of which accords com- 
pletely with the experimental results displayed in Fig. 27. 

(6) Nomenclature and T3rpes of Electrolytes. — Ions are 
named from the atom or group of which they are formed. Thus 
all potassium salts give potassium ion K"*" when they, ionize, all 
ammonium salts give ammonium ion NH4+, all chlorides in- 
cluding hydrochloric acid give chloride ion Cl~, all acids give 
hydrogen ion H+, and all hydroxides give hydroxyl ion OH". 

Electrolytes are classified according to the character of their 
ions as uni-univalent (KCl, HCl, NH4NO3), which give two 
singly charged ions; uni-bivalent (BaCU, H2SO4, Ca(0H)2), 
which give two singly charged and one doubly charged ion; bi- 
bivalent (MgS04, BaC204), which give two doubly charged ionsr 
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4. Degree of lonizatioii. — ^If ^: formula weights <rf an deem- 

lyt/; \a: diA^Av^A in 1000 gram* of water, a oatain fracdoiLQiiB 
Tfioh'/:'iU^, win ionize and tLL; fraction is called the degree i 
ionization, <:c; of th^; ^rUrctrohte at this concentratioii. For a mt 
ijnival^;rit. d^rctrolyt^ the concentration of each species of ion ■ 
the vjlutiori will evidently be oA^i and that of the iiii4oiii»d 
uih\f'rM\(^ ^l—ajX:, mok-s per 1000 grams of water. Tk 
UA/il concerUrrUu/n of .solute molecules in this solution will, then- 
fore, amount to 2otyi + (l— a;A[i or (l+a)A^j moles pff 
HKXi frramn of water. In other words the number of /ormli 
wei/jfUy, of a uni-univalent electrolyte dissolved in a given quantity 
of water rnuHt be multiplied by Q+a) in order to obtain the 
actwU number of m/jlen of Holvie in the resulting solution. 

In order to f;a!culate the value of a for a given case we might 
multiply the ^juantity .Vj in any one of the solution laws by 1+a 
and Holve the resulting equation for a. In this way we would, 
for exarn j;le, obtain from the freezing-point law for aqueous 
Willi tioiJH (equation 53, XIVj the relation 

^« = J 000 r^/ri"\ V =0.009690 (A^^-0.00425 A<^«) (6) 

from whi(;h w(} could evidently calculate a value for a from theob- 
Hrrrvcid fnjozing point lowering of the solution. The calcula- 
tion of d(;j^r(;e of ionization in this manner, however, assumes 
{\) that th(} Holut(j is not hydrated in solution, and (2) that the 
th(;rnjo(lynaniic environment in the solution is the same as that 
wlii(!h prevails in pure water, for these are the assumptions upon 
whicrh (Mjuation (5!^, XIV) was derived. Neither of these as- 
Hunii)ti()ns is truc^, however. The ions and in many cases the 
un-i()niz(Hl niohicuhjs are known to be hydrated in solution and 
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fce whole behavior of solutions of electrolytes indicates that the 
Itierniodynamic environment even at fairly small ion concentra- 
5ons (Cf. XIII, 3) may be quite appreciably different from that 
^hich prevails in pure water. 

The use in this manner, of any of the Laws of Solutions of 
Constant Thermodynamic Environment in order to calculate 
•lie degree of ionization of an electrolyte has, therefore, no theo- 
retical justification.^ These laws have nevertheless been exten- 
lively employed for this purpose and when the values of a 
calculated in this way are compared with those obtained by the 
ionductivity method (XVII, 2b) the agreement in many cases 
js so close as to make it probable that the two erroneous assump- 
tions mentioned above happen to produce errors which are op- 
posite in direction and which, therefore, partially compensate each 
3ther. Noyes* and Falk^ who have examined a large number 
3f electrolytes in this way^ conclude that the degree of ionization 
af uni-univalent strong electrolytes in aqueous solution at concen- 
trations not exceeding 0.1 molal can as a matter of fact be calcu- 
lated from the freezing point lowering of the solution with an 
accuracy of from 1 to 4 per cent, in most cases. (Cf. Table XIV 
and XVII, 4.) We may, therefore, employ the solution laws in 
this way in order to compute approxinmte values for the degree 
of ionization of uni-univalent strong electrolytes, remembering 
that in so employing them we are treating them merely as 
empirical equations. For this purpose equation (6) may be 
rearranged algebraically into the more convenient form, 

{l+a)Ni=^^^(l+0.0055Ah) (7) 

Problem 2. — The degrees of ionization of KCl, CsNOa, and Li CI in 0.1 
weight formal solution at 0° sis mesisured by the conductance method are 
0.88, 0.81, and 0.86 respectively. Calculate approximate values for the 
freezing points of these solutions. (Observed values are —0.345*', —0.325°, 
and —0.351° respectively.) 

Problem 3. — The freezing point of a 0.1 weight formal solution of NaBrOa 
is —0.342°. Calculate an approximate value for a. 

*» Arthur Amos Noyes, (1866- ). Professor of Theoretical Chemistry 
and Director of the Research Laboratory of Physical Chemistry of the Mas- 
sachusetts Institute of Technology. 

^ Kaufmann George Falk, (1880- ). Physical Chemist for the Harri- 
man Research Laboratory, Roosevelt Hospital, New York. 
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Problem 4. — By direct measurement it has been found that at 25* a 
0.5 weight formal solution of KCl has the same vapor pressure as a 0.91 
weight formal solution of mannite (C6H14O6) which is a non-electrolyte. 
From these two data estimate approximately the extent to which the ECl 
is ionized in the solution. 

Electrolytes which are ionized to a large d^ree (50 per cent. 
or more in 0.1 normal solution) are called ^strong electrotytes." 
They include nearly all salts and all of the so-called strong acids 
and alkalies. Electrolytes which are only slightly ionized are 
called "weak electrol3rtes." 

6» Complez Formation in Solution. — Many electrolytes in 
solution possess the property of uniting with other electrolytes 
or with non-electrolytes to form complex compounds which 
ionize giving complex ions. Thus when KCN is added to a solu- 
tion of AgNOa a reaction occurs which may be expressed stoichio- 
metrically as follows: 

2KCN+ AgNOa = KN03+KAg(CN), (8) 

The complex salt KAg(CN)2 ionizes thus 

KAg(CN)2 = K++ Ag(CN)r (9) 

giving the very stable complex ion, Ag(CN)2'' 

Problem 6. — The freezing point of a 0.1 weight formal solution ot KNOj 
is —CSS**. In an amount of this containing 1000 grams of water, 0.1 
formula weight of NH3 is dissolved and the freezing point then drops to 
— CSl**. A second 0.1 formula weight of NH3 depresses it to —0.69* 
and a third to —0.9°. If the same experiments be carried out with 0.1 
weight formal AgNOa instead of KNO3, it is found that the freezing point 
(—0.33°) of the AgNOa solution is not affected by the first two additions oJ 
NH3 but that the third addition depresses it to —0.51**. The electrical 
conducting powers of the AgNOa and KNO3 solutions are substantially 
unchanged by the additions of the NH3. What conclusions can you draw 
from these experiments as to the nature of the complex formed? 
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Journal Articles: (1) Morse, Carnegie Inst. Pub. 198,211 (1914). (2) 
Washburn, Jour. Amer. Chem. Soc, 33, 1462 (1911). (3) Noyes and Falk, 
Ibid., 34, 488 (1912). 



CHAPTER XVI 
THE CONDUCTION OF ELECTRICITY 

1. Classes of Electrical Conductors. — Solid and liquid con- 
ductors of electricity may be divided into two classes: (1) Purely 
metallic conductors in which the passage of the current is not ac- 
companied by a transfer of matter and produces no effect other 
than an increase in the temperature of the conductor; and (2) 
purely electrolytic conductors in which the passage of the cur- 
rent is accompanied by a simultaneous transfer of matter in 
both directions through the conductor. Aqueous solutions of 
electrolytes and fused salts are good examples of electrolytic 
conductors. 

Some interesting conductors which occupy an intermediate 
position between purely metallic and purely electrolytic con- 
ductors are also known.^ In these cases part of the electricity 
which j3ows through the conductor carries no matter with it 
while the remainder does. The part of the electricity which 
passes through this intermediate class of conductors in the first 
way, that is, without being accompanied by a transfer of matter, 
may, by gradually altering the composition of the conductor, 
be varied gradually and continuously from 100 per cent, (purely 
metallic conduction) to zero per cent, (purely electrolytic con- 
duction). Our two classes of conductors would seem, therefore, 
to constitute simply two limiting cases. As a matter of fact, how- 
ever, most conductors seem to belong exclusively to one or the 
other of these limiting cases, those of the intermediate or mixed 
character, of which solutions of sodium in liquid ammonia con- 
stitute an example, being comparatively rare. 

If a direct current is caused to pass through an electrolytic 
conductor between two pieces of metal, called the electrodeSi 
the electrode at which the current enters the electrolytic conductor 
is called the anode and the other electrode is called the cathode. 
The passage of a current in this way through a purely electrolytic 

191 
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conductor is called electrolysis and is always accompanied by 
chemical changes of some kind at both electrodes. 

2. The Mechanism of Metallic Conductance. — In our fint 
chapter (I, 2g) mention was made of the fact that in metallic 
substances some of the electrons are able to move about from 
atom to atom within the body of the metal with comparatiye 
ease. When a difference of potential is applied to the ends of a 
piece of metal a stream of these electrons through the metal is 
immediately set up. This stream of electrons constitutes the 
electric current in the metal and the collision of these electrons 
with the atoms of the metal produces the temperature increase 
which always accompanies the passage of an electric current 
through a metal. 

A metal carrying a current is surrounded by a magnetic field, 
and the direction and nature of this field would be the same 
whether the current in the metal was caused by the motion of 
positive electricity in one direction or by the motion of n^ative 
electricity in the opposite direction and before the nature of 
metallic conduction was understood, the '^directioii of flic 
current" in a metal was arbitrarily defined as the direction in 
which positive electricity would have to flow in order to produce 
the observed magnetic effects. We now know, however, that the 
current is actually due to the motion of negative electricity, the 
electrons, so that we find ourselves in the rather peculiar position 
of defining the "direction of the current" in a metal as the 
direction opposite to that in which the electricity actually flows. 

3. The Mechanism of Electrolytic Conductance. — ^When a 
difference of potential sufficient to cause a steady current, is 
applied to two electrodes dipping into a solution containing dis- 
solved electrolytes, all of the anions in the solution immediately 
start to move toward the anode or positive electrode while oQcrf 
the cations start moving toward the cathode or negative electrode. 
The motion of these ions constitutes the current of electricity 
through the solution and the direction of the current in the sdu- 
tion is arbitrarily defined as the direction in which the cations 
move. The quantity of electricity which is transported through 
the solution in this way is divided among the different species 
of ions in the solution in proportion to their numbers, the charges 
which they carry, and the velocities with which they move. Tb 
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:»oduct of the number of charges on a given species of ion into 
-le number of these ions and into the velocity with which they 
sieve through the solution under a unit potential gradient is 
evidently a measure of the current carrying capacity of this 
ipecies of ion in the solution. 

4. The Mechanism of the Passage of Electricity between a 
If etallic and an Electrolytic Conductor, (a) Electrochemical 
Reactions. — Through any cross section of a solution containing 
dectrolytes the current is carried by the ions of these electro- 
:ytes and every species of ion in the solution, no matter how great 
\ number of different species there may be, helps in carrying the 
jurrent, each species in proportion to its current-cartying ca- 
pacity (XVI, 3). In conducting the current from the solution 
\o the electrode or vice versa, however, only a few, in many cases 
>iily one ion species is involved, namely, that species which most 
easily takes on or gives up an electron under the conditions. 
Since the current through the metallic portion of the circuit 
consists only of moving electrons it is clear that an exchange of 
electrons between electrode and solution must take place in 
jome manner at the electrode surface. This exchange of electrons 
3onstitutes an electrochemical reaction, of which there are very 
cnany varieties. We shall consider a few such reactions. 

Case 1. — ^Let Fig. 28 represent an electrolytic cell composed of 
two silver electrodes dipping into a solution of silver nitrate. 
The cathode receives a negative charge from the dynamo, that 
is, a stream of electrons flows through the wire from the dynamo 
terminal to the cathode, and the negative potential of the 
cathode relative to the solution, therefore, rises. If this current 
is to continue flowing, these excess electrons on the cathode must 
be removed in some way by entering into an electrochemical 
reaction with some species of ion. The reaction in this instance 
consists in a union of the electrons from the wire with the silver 
ions in the solution, which are thereby reduced to ordinary 
silver atoms and deposited or plated out upon the electrode. The 
reaction may be written thus, 

Ag^-+(-)=Ag (1) 

At the anode the silver atoms on the surface of the silver electrode 
give up their electrons and enter the solution as silver ions, while 

13 
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the electrona thus set free Sow around through the wiretotbe 
positive terminal of the dynamo. This reaction, which may be 
written 

Ag-(-)=A8r^- (2) 

is evidently the reverse of the one at the cathode and hence the 
electrolysis in this cell consists in the dissolving of metallic silTef 
from the anode and the plating out of metallic silv^ upon the 
cathode. 




Case 2. — Let the cell in Fig. 28 consist of a silver anode and i 
silver chloride cathode, dipping into a, solution of potassiuin 
chloride. A silver chloride cathode consists simply of a silva 
wire covered with a coating of solid AgCl. The electrode 
processes are as follows : The electrons which flow to the cathode 
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from the dyn9.mo terminal are removed by the following electro- 
chemical reaction: 

AgCl+(-)=Ag+Cl- (3) 

that is, the silver chloride is reduced to metallic silver, the chlo- 
rine atoms taking up the electrons from the wire and passing into 
solution as chloride ions. At the anode th^ reverse reaction 
[ occurs, 

Cl--hAg=AgCl+(-) (4) 

The chloride ions give up their electrons to the wire and unite 
with the silver electrode forming a coating of silver chloride 
over it. 

Case 3. — ^Let the cell in Fig. 28 consist of a platinum anode 
and a platinum cathode dipping into a solution containing a 
mixture of ferric sulphate (FeaCSOOa ^ 2Fe+++ + 3S04~) and 
ferrous sulphate (FeS04 ^ Fe+^+SO* ). The electrons com- 
ing to the cathode from thjB dynamo are removed from the 
cathode by the following electrochemical reaction: 

Fe++++(-)=Fe++ (5) 

"that is, the electrons are taken up by the ferric ions which thereby 
lose one of their positive charges and become ferrous ions. At 
■the anode the reverse reaction occurs. 

(6) Characteristic Electrode Potentials. — Let the cell in Fig. 

28 consist of a platinum anode and a platinum cathode dipping 

into a solution containing the following electrolytes: KCl, 

]Na2S04, and LiNOa. The ions arising from the ionization of 

-these salts will be the cations, K+, Na+ and Li+ and the anions, 

Cl~, SO4 and NO3". In addition there are also present in 

every aqueous solution very small quantities of hydrogen ion 

H"^ and of hydroxyl ion OH" arising from the ionization of the 

water itself which takes place to a very slight extent, according to 

the reaction 

H20^H++0H- (6) 

Now as the electrons coming from the negative terminal of 
the dynamo begin to collect upon the cathode the potential 
between this electrode and the solution thereby increases and 
the negative electrons on the electrode are attracted by the 
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positively charged ions in the solution in contact with electrode. 
If this potential difference is great enough and is continuously 
maintained by electrons coming from the dynamo, we have seen 
that a union between the electrons in the wire and one or more 
species of the ions in the solution will take place. In other words 
an electrochemical reaction will occur. Now in the present 
instance there are obviously at least four electrochemical re- 
actions, any one of which might conceivably take place at our 
cathode, to wit: 

Li++ (-)=Li (metal) (7) 

K++ (-)=K (metal) * (8) 

Na+ + ( - ) = Na (metal) (9) 

or 2H++2( - ) = H2 (gas) (10) 

Which of these reactions will actually occur? 

In order to bring about a given electrochemical reaction at any 
electrode we must first create a suflEicient potential difference in 
the desired direction, that is, we tnust make the potential dif- 
ference large enough to force the electrons to go in the direction 
desired. Now the potential difference necessary to accomplish 
this is a characteristic property of each electrochemical reaction 
and of the concentrations of the ions and molecules involved in 
that reaction as well as of the thermodynamic environment by 
which thjese ions and molecules are surrounded. This potential 
difference we shall call the characteristic electrode potential of 
the reaction. More explicitly, the characteristic electrode poten- 
tial of a given electrochemical reaction under a given set of con- 
ditions is the potential difference which exists between the dec- 
trade and the solution when the two are in equilihrium with eai 
other with respect to the reaction in question. Whenever, theie- 
fore, the potential difference at any electrode is kept either greatff 
or less than the characteristic potential of some electrochemical 
reaction which is possible at that electrode, then this reaction 
will proceed continuously in the one direction or the other as long 
as the necessary potential difference is maintained. 

Now in the present instance, as the potential difference be- 
tween our cathode and the solution rises, due to the flow of elec- 
trons from the dynamo to the cathode, it will eventually reach a 
value which will exceed the characteristic electrode potential d 
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3 of the four possible reactions represented by equations 
)) . When this happens the reaction in question will take 
3ur cathode. Of these reactions, the fourth one happens 
;he smallest characteristic electrode potential under the 
iditions, and hence the electrolysis of our solution results 
volution of hydrogen gas at the cathode due to a de- 
ion of the water as represented by reactions (6) and (10). 
ay be added together and written thus, 

2H20+2(-) =H2+20H- (11) 

that hydroxyl ion is produced in the solution as one 
: the reaction. In other words, the solution in the 
hood of the cathode becomes alkaline. If a very heavy 
s passed through the solution, it may happen eventually 
electrons are sent to the cathode from the dynamo 
an they can be removed by reaction number (10). In 
s the potential at the electrode will rise and it may become 
Dugh to cause reaction (9) to take place to some extent 
eously with reaction (10), since its characteristic potential 
3xt above that of reaction (10) . If, however, any metallic 
hould separate on the electrode as a result of the occur- 
reaction (9), it would immediately proceed to react with 
r, thus 

2Na+2H20 = 2Na++20H-+H2 (12) 

he final products would be the same as though reaction 
e the only one which occurred. If the current density 
ount of current per unit electrode surface) at the elec- 
i:ept small, however, only reaction (10) will take place at 
:rode. 

; now turn to the anode of our cell and see what will 
there. The reaction must of course be one which will 
electrons to the anode. Any one of the following would 

2Cl- = Cl2(gas)+2(-) (13) 

Cr+3H20=C103"+6H++6(-") (14) 

2S04"" = S208""+2(-) (15) 

40H- = 02(gas)+2H20+4(-) (16^ 
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Of all these possible reactions, however, the last one has the 
smallest characteristic electrode potential in our solution and is, 
therefore, the one which will take place at our anode. By adding 
together equations (6) and (16) we obtain the equation 

2H20=4H++02+4(-) (17) 

which represents the final result of the electrolysis at the anode. 
Gaseous oxygen is evolved and the solution around the anode 
becomes acid. 

The electrode products of the electrolysis with this cell come, 
therefore, entirely from the water itself and not at all from the 
dissolved salts. The current also is carried from electrode to 
solution and vice versa entirely by the ions of the water and not 
to any appreciable extent by the ions of the dissolved electrolytes. 
The current through the solution, however, is practically aU carried 
by the ions of the dissolved electrolytes because there are so few 
H^-ions and OH~-ions that their current carrying capacity 
(XVI, 3) is entirely negligible. The reason these two species 
of ions can nevertheless carry all of the current between the elec- 
trode and the solution is because at the electrodes, as fast as 
these ions are used up by the electrode reaction, a new supply is 
continuously produced by the ionization of some more water a^ 
cording to reaction (6), since any chemical or electrochemical 
reaction can be made to proceed continuously in one direction 
provided one of the products of the reaction is continually re- 
moved or destroyed as fast as it is formed, and this is what hap- 
pens at our electrodes, H^-ions being removed at the cathode 
and OH~-ions at the anode. 

It not infrequently happens that two or more possible elec- 
trochemical reactions will, in a given solution, have practically 
the same characteristic electrode potentials. When this happens 
the reactions will take place simultaneously during the electrolysis 
and a mixture of products will be obtained. This happens, for 
example, during the electrolysis of a moderately strong solution 
of HCl with platinum electrodes. At the anode the two reactions 

2Cl- = Cl2(gas)+2(-) (18) 

and 40H- = 02(gas)+2H20+4(-) (ISa) 
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<>ccur simultaneously, a mixture of oxygen and chlorine gases 
1>eing evolved at the electrodes. Even when their characteristic 
dectrode potentials are quite different, mixed electrochemical 
xeactions can be made to occur by forcing more current through 
"the cell than one reaction can take care of, as in the example 
given above (p. 197). The actual products of the electrolysis 
of any given solution depend, therefore, greatly upon the condi- 
tions under which the electrolysis is carried out and a clean-cut 
single electrochemical reaction entirely free from even traces of 
other reactions is, as a matter of fact, rather diflEicult to bring 
about in any prolonged electrolysis. In Table XlXa are shown 
some of the electrochemical reactions which occur during electro- 
lyses of aqueous solutions with platinum electrodes. 

Table XlXa 

l^ncipal Electrdde Reactions and Products of the Electrolysis of Aqueous 
Solutions with Platinum Electrodes. (M = alkali metal) • 



Anode reaction Solute 


Cathode reaction 


2H20=4H++02+4(-) 


AgNO, 
CuS04 


Ag++(-)=Ag 
Cu+++2(-)=Cu 


MNOa 
M2SO4 


2H20+2(-)=20H-+H2 


H2SO4 
H3PO4 
Dilute HCl 
Dilute HNO, 


2H++2(-)=H2 


2Cl- = Cl2+2(-) 


Cone. HCl 


40H- = 2H20+02+4(-) 


. MOH 


2H20+2(-)=20H-+H2 


2H20=4H+-|-02+4(-) 


Cone. HNOj 


N03-+4H++3(-) = 

2H2O + NO 

and 
NO,-+9H++8(-) = 

3H2O+NH3 


2I- = l2+2(-) 


MI+I2 


l2+2(-)=21- 
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Problem 1. — What conditions must prevail in a solution in order that an 
object which is made the cathode in the solution shall be plated with brass by 
electrolysis? 

(c) Voltaic Action. — In the Daniell cell a copper sulphate solu- 
tion containing a copper electrode is placed in contact (by 
means of a porous wall or partition) with a zinc sulphate solution 
containing a zinc electrode. At each electrode there exists a 
potential difference between solution and electrode which po- 
tential difference is the characteristic electrode potential at the 
electrode in question under the given conditions, the two electro- 
chemical reactions involved being respectively 

Cu-2(-)=Cu++ 
and Zn-2(-)=Zn++ 

The total potential across the terminals of this cell (ix., the 
potential difference between the two electrodes) will, therefore, 
be equal to the algebraic sum of the two characteristic electrode 
potentials plus any potential difference which may exist at the 
junction between the two solutions. Now in this particular 
cell it happens that the two characteristic electrode potentials 
are such that the total potential across the cell is about 1.1 
volts, the zinc electrode being negative with respect to the copper. 
If the two electrodes are connected externally by a wire, a 
current of electricity will, therefore, flow through the wire from 
the copper to the zinc, and zinc will dissolve at the anode and 
copper deposit on the cathode. The total reaction of the cell 
will be the algebraic difference of the two electrode reactions, 
which is 

Zn+Cu++ = Zn-H-+Cu (19) 

When two electrodes are arranged in a cell so that the two char- 
acteristic electrode potentials are such that the cell is capable, 
as above, of producing an electric current in an external circuit, 
the current is said to be produced by voltaic action and the cell 
is a primary battery. Voltaic action and electrolysis by means 
of a current produced externally and forced through the cell are 
essentially identical phenomena, however, and obey the same 
laws. A reaction such as that represented by equation (19) 
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will also evidently occur without the jyToduction of an external 
current if a piece of zinc be simply dipped into a solution of 
a cupric salt (Cf. X, 9). 

(d) Nonnal Potentials and Nonnal Electrodes. — ^For a given 
cell, each of the two characteristic electrode potentials (which 
together with the potential at the liquid junction make up the 
total E.M.F. of the cell) depends upon the concentrations of the 
molecular and ion species which take part in the electrochemical 
reaction at the electrode, as well as upon the thermodynamic 
environment in the solution around the electrode. In writing 
the equation of an electrochemical reaction a line above a formula 
will hereafter be employed to indicate that the molecular species 
is present in the gaseous state, a line below the formula will be 
similarly used to indicate the crystalline state, while the absence 
of such lines will indicate that the molecular or ion species in 
question is present only in solution. The so-called "normal 
potential" of a given electrochemical reaction is the characteris- 
tic electrode potential for that reaction when all gaseous sub- 
stances involved in the reaction as written are present under a 
pressure of one atmosphere and all similarly involved molecular 
and ion species which are present only as solutes have each a 
concentration of one formula weight per liter. Thus the poten- 
tial of the "normal hydrogeu electrode" is the potential at a 
platinum electrode saturated with hydrogen gas under a pressure 
of one atmosphere dipping into a solution containing hydrogen 
ion at a concentration of one formula weight per liter when 
equilibrium is attained with respect to the reaction, H2-- 2( — ) = 
2H"'"; the potential of the "normal zinc electrode" is the potential 
at a zinc electrode dipping into a solution containing zinc ion at a 
concentration of one formula weight per liter when equilibrium 
is attained with respect to the reaction Zn— 2( — )=Zn++; the 
potential of a "normal calomel electrode" is the potential of a 
mercury electrode covered with a layer of crystalline HgCl in 
contact with a solution containing chloride ion at a concentration 
of one formula weight per liter when equilibrium is attained with 
respect to the reaction, Hg+Cl~— ( — ) = HgCl; and the poten- 
tial of a "normal arsenious-arsenic electrode" is the potential at 
any suitable electrode which is in electrochemical equilibrium 
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with respect to the reaction, H3ASO3+H2O— 2( — )=H8As04+ 
2H+, when each of the solute species is present at a concentration 
of one formula weight per liter; etc. 

By joining together the solutions surrounding any two normal 
electrodes by means of some suitable intermediate liquid (such as 
a solution of KNO3) a voltaic cell is formed (Cf . above, 4c) and 
the total electromotive force of such a cell will (except for the 
small potentials at the liquid junctions between the two electrode 
vessels) be equal to the algebraic sum of the normal potentials of 
the two electrodes. If one of the electrodes of such a cell is the 
normal hydrogen electrode, then the total electromotive force of 
the cell (after subtracting the liquid junction potentials) is 
arbitrarily taken as the normal potential of the other electrode, 
that is, in computing the values of the different normal electrode 
potentials the potential of the normal hydrogen electrode is 
arbitrarily taken as zero. 

In Table XIX6 are given the "hypothetical normal i>otentials" 
of a number of electrochemical reactions based upon the normal 
hydrogen electrode as zero. They are termed "hypothetical 
normal'' because they have been computed from measurements 
at various concentrations on the assumptions: (1) that the 
equivalent conductance ratio (see XVII, 26, equation 10) is a 
correct measure of the degree of. ionization of all electrolytes 
even for concentrations greater than normal; and (2) that the 
thermodynamic environment in all solutions even for concen- 
trations greater .than one mole per liter is the same as it is in 
pure water; in other words the laws of dilute solutions (XIII, 3) 
are assumed to hold for all such solutions. Neither of these two 
assumptions can be regarded as correct, hence the expression 
"hypothetical normal" as applied to such values as those given 
in Table XIX6. We are not at present in a position to calculate 
the true normal potentials of electrochemical reactions and 
in view of this fact, it would be better to adopt some other basis 
(milli-normal potentials, for example) for computing and record- 
ing characteristic electrode potentials, but this has not as yet 
been done. A more complete table of "hypothetical norilial" 
potentials can be found in a monograph* by Abegg, Auerbach and 
Luther. 
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Table XIX6 

So-called "Normal Potentials" for some typical electrochemical reactions, 
based upon the "normal" hydrogen electrode as unity. The reaction tends 
to go in the direction indicated and charges the electrode with a charge of 
the sign and magnitude given. 



Electrochemical 
reaction 


volts 


Electrochemical reaction 


volts 
±0.0 


Li~(-)=Li+ 


3.03 


2H++2(-)=H2 


K-(-)=K+ 


2.93 


HsCl+(-)=Hgaiq)-hCl- 


0.272 




Na-(-)=Na+ 


2.72 


Cu++-|-2(-) = Cu 


0.34 


M^-2(-)=Mg++ 


1.55 


Ag(NH3)2++(-) =Ag+2NH3 


0.38 


Zn-2(-)=Zn++ 


0.76 


02+2H20+4(-)=40H- 


0.40 


Fe-2(-)=Fe++ 


0.43 


l2+2(-)=2I- 


0.62 


Cd-2(-)=Cd++ 


0.40 

1 


Fe+++ + (-)=Fe+-»- 


0.74 


Co-2(-)=Co++ 


0.3 

1 


Ag++(-)-Ag 


0.80 


Ni-2(-)=Ni++ 


0.2 


Hg+ + (-)=Hgaiq) 


0.80 


Pb-2(-)-Pb-»-+ 


0.12 Br2+2(-)=2Br" 

1 


1.10 


Sn-2(-)=Sn++ 


0.10 


Cl2+2(-)=2Cl" 


1.35 


Fe-3(-)=Fe-»-++ 


0.04 


Au+ + (-)=Au 


1.5 


H2-2(-)=2H+ 


+ 0.0 


Mn04-+8H+-|-5(-) =Mn++ + 

4H2O 

1 


1.52 



Problem 2. — How could you arrange the cell so as to obtain an electric 
current from the occurrence of each of the following reactions in the 
direction indicated : 

Fe+Cu++ = Fe+++Cu 
Zn+2H+ = Zn++-|-H2 
3Zn+8H++2N03- = 3Zn+++2NO+4H20 
3Zn+Cr207--+7H+ = 3Zn+++2Cr++++7H20 

From the data in Table XIX6 calculate approximately the potential of 
the cell in the first three cases. Predict also from the data in this table what 
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will occur: (a) when a.piece of copper is dipped into a normal AgNO« solu- 
tion; (b) when a piece of tin is dipped into a normal FeClj solution; (c) when 
a piece of tin is dipped into a normal HCl solution; (d) when a piece of copper 
is dipped into a normal HCl solution; (e) when a piece of silver is dipped into 
a normal Pb(N03)s solution; (f) when a 2n solution of FeCls is mixed with a 
solution of HMn04; (g) when solid iodine is shaken with a normal solution of 
KBr; (h) when pure gaseous chlorine is passed through a normal solution 
of KI. 

Every chemical reaction occurring in a solution can always be 
regarded as made up of two opposing electrocheniical reactions 
and it can be shown to follow from the laws of thermodynamics 
that whenever equilibrium (I, 9 and XXII, 1) has been attained 
in such a reaction, the concentrations of all of the solute species 
involved must be such that the characteristic electrode potentials 
of the two opposing electrochemical reactions are equal to each 
other. 

The brief treatment of the subject of characteristic electrode 
potentials in this section and the problems illustrating the sig- 
nificance and use of electromotive force data are given at this 
point in order that the student may appreciate the general nature . 
of the processes involved in the passage of electricity across a | 
boundary between a metallic and an electrolytic conductor. In 
practice it frequently happens that owing to the slowness of 
some electrochemical reactions the actual reactions which occur 
in electrochemical processes are not always those which one 
would predict from such data as those given in Table XIX6. 
The phenomena of "passivity" and "over-voltage" and many 
other factors and relationships which must be understood in order 
to handle intelligently electrochemical problems are treated at 
length in books devoted to the special field of electrochemistry/* 
a field which will not be included within the scope of this book. 

5. Faraday's Law of Electrolysis. — From the preceding dis- 
cussion of the mechanism of electrolysis it is clear that the 
chemical changes which take place at the electrodes are the re- 
sult of the taking on or giving up of electrons by atoms, atom 
groups and ions and that for every ion involved in this elective 
process, one, two, or three, etc., electrons are also involved 
according as the ion carries one, two or three, etc., charges which 
must be neutralized, that is, according as the change in valence 
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e, two or three, etc., units. Hence for every electrochemical 
change involving one equivalent weight of a substance the same 
juantity of electricity will always be required and this quan- 
Sty will be 

q = Ne (20) 

>r for iV, equivalents of chemical change the quantity of electric- 
ity required will be 

q = neN, (21) 

where N is Avogadro's number and e, the charge carried by one 
electron, is called the elementary charge of electricity. 
If we put 

Ne=F (22) 

equation (21) becomes 

q = FN. (23) 

where F is s. universal constant. The significance of this equa- 
tion may be stated in words as follows: Whenever an electric 
curreni posses across a junction between a purely metallic and 
fl "purely electrolytic conductor a chemical change or chemical 
tkanges occur the amount of which, expressed in chemical eguiva- 
Unis, is exactly proportional to the quantity of electricity which 
'passes and is independent of everything else. This statement 
is known as Faraday's Law of Electrolysis and was discovered 
by Michael Faraday* in 1833. The proportionality constant, 
F, in equation (23) is known as one faraday or one equivalent 
of electricity and is evidently the amount of electricity re- 
quired to produce one equivalent of chemical change. The 
quantities, e and F (equation 22), evidently bear the same rela^ 
tion to each other that the weight of an atom doea to the atomic 
weight of the element (I, 7). 

•Michael Faraday (1791-1867). The son of a blacksmith in Surrey, 
England. Served as laboratory assistant to Sir Humphrey Davy and later 
llwsme Professor of Chemistry at the Royal Institution, London. He dia- 
MVB«d benzene in 1825 and oiade a large number of important discoveriea 
^electricity and magnetism. The experiments upon which he based his law 
™ electrolysis are an interesting illustration of the keen insight which led 
*"riiday to enunciate a general law upon what seems today to be very meagre 
»nd inaccurate data. (Faraday's BxpeHmenlal Researches in Eleclricily. 
^vnyman's Library Series, pp. 48 to 84.) 
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The value of the f araday has been very accurately determined' 
by measuring (with a silver coulometer) the quantity of dectiie- 
ity required to deposit one equivalent weight of metallic aher 
from a silver nitrate solution and also by measuring (with an 
iodine coulometer) the amount required to liberate one equiva- 
lent weight of iodine from a solution of potassium iodide. The 
result obtained was F = 96,500 (± 0.01 per cent.) coulombs 
per equivalent. 

An apparatus arranged for the measurement of the amount of 
a given chemical change produced by an electric current is 
termed a coulometer (or sometimes a voltameter) and is em- 
ployed for measuring the quantity of electricity passed through 
a circuit. The two most accurate types are the silver coulometer 
and the iodine coulometer. In the former metallic silver is 
deposited electrolytically from a solution of silver nitrate and 
the weight of the deposit determined. In the latter* iodine is 
Uberated electrolytically from a solution of potassium iodide, 
the amount Uberated being determined by titration. 
. 6. The Elementary Charge of Electricity. — ^If either e otH 
can be directly measured it is clear that the other one can then 
be calculated by means of equation (22), since F is known. 

When X-rays pass through air or any other gas, the gas be- 
comes ionized (I, 2g), that is, some of its molecules lose tempo- 
rarily one or more of their electrons and thus acquire a positive 
charge. These charged molecules are called gaseous ions. These 
ions as well as the electrons liberated from them all possess the 
unordered heat motion (II, 1) of the other ipolecules of the gas, 
that is, they dart rapidly about in all directions colliding with 
anything which may come in their path. If a tiny droplet of oil 
or mercury or some other liquid is introduced into an ionized 
gas, it will eventually collide with one of these rapidly moving 
ions and will capture and hold it. The droplet thus acquires a 
charge of electricity exactly equal to that possessed by the 
captured ion and from the observed behavior of the charged drop- 
let in an electric field, the magnitude of its charge can be measured 
In this way Millikan has succeeded^ in obtaining a very accurate 
measurement of the value of the elementary charge of electricity. 
His apparatus is shown in Fig. 29. 

By means of an atomizer A a fine spray of oil or other liquid 
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= ia blown into the chamber D and one of the droplets eventually 
'_■ falls through the pin hole p into the space between the two con- 
si denser plates, M and N. The pin hole is then closed and the 
z- air between the plates is ionized by a beam of X-rays from X. 
:v The droplet is illuminated through the windows g and c by a 
z- powerful beam of light from an arc at a, and is observed through 
■ a telescope directed at a third window not shown in the figure. 




Fio. 29. — Millikan's appar&tus for determining the value of e. 

The droplet eventually acquires a charge by collision with one 
of the ions of the gas and can then be caused to move upward 
or downward at will by charging the plates M and N with electric 
charges of the desired signs, by means of the switch S. The speed 
of the drop under the influence of the electric field is directly 
proportional to the magnitude of its charge, and the observer 
watching the drop observes sudden changes in its speed due to a 
change in the charge of the drop brought about by the capture, 
now and then, of an additional ion with which it happens to 
collide. By measuring this change in the speed of the drop im- 
mediately after the capture of an ion and combining it with the 
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speed of the drop when falling under the influence of gravity, 
the magnitude of the charge of the captured ion can be calcu- 
lated. From a very large number of experiments of this kind 
Professor Millikan found that the charge carried by a gaseous 
ion is always equal to or is a small exact mvUiple of 1.59 X 10~" 
(±0.2 per cent.) coulombs and this is, therefore, the elementary 
charge of electricity, the charge of one electron. Substituting 
this value for e in equation (22). above we find for N the value 
N = 6.06210*^(±0.2 per cent.), and this method is the most ac- 
curate one which we have at present for determining the value 
of Avogadro's number. (Cf. IX, 4 and XXVII, 11.) 

7. Electrical Resistance and Conductance. Ohm's Law. — ^Ina 
conductor through which a steady direct current is passing, the 
strength of the current or simply the current, /, is defined by the 
equation 

I=? (24) 

where q is the quantity of electricity which passes through a given 
cross section of the conductor in the time L By direct current is 
meant one in which the "direction of the current'* (XVI, 2) is 
constant. A current whose direction periodically varies is called 
an alternating current. 

According to Ohm's"* Law and the nature of our definitions of 
electrical quantities, the value of a direct current through any 
homogeneous metallic or electrolytic conductor is equal to the 
electromotive force (E.M.F.), E, between the ends of the con- 
ductor, divided by the resistance, 72, of the conductor, or 

7=1 (Ohm's Law) (25) 

The reciprocal of the resistance is called the conductance, L. 

L = ^ (26) 

The unit of conductance is called the reciprocal ohm or the mho. 
The conductance, L, of any homogeneous conductor of uni- 

» Georg Simon Ohm (1787-1854). Professor of Mathematics in the Je«- 
its' College, Cologne, and in the polytechnic school at Nuremberg. 11* 
law which bears his name was formulated in a pamphlet published by him n 
Berlin in 1827. 
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form cross section is proportional to the area, A, of the cross 
section and inversely proportional to the length, I, of the con- 
ductor, or 

LA 



L = 



I 



(27) 



The proportionality constant, L, is evidently the conductance of 
a conductor 1 cm. long and 1 sq. cm. in cross section. It is 
called the specific conductance of the material of which the con- 
ductor is composed. It depends upon the chemical nature of 
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Fig. 30. 



the material, its temperature, pressure and physical condition. 
The reciprocal of the specific conductance is called the specific 
resistance, R, 

Rl 



R = 



(28) 



In dealing with the conductance of solutions of electrolytes an 
additional quantity known as the equivalent conductance is 
also employed The equivalent conductance. A, of any solu- 
tion of an electrolyte is defined as the conductance of that volume 
of the solution which contains one equivalent weight of the elec- 
trolyte, when measured between two parallel electrodes 1 cm. 
apart. (See Fig. 30.) 

Problem 3. — Show that the specific conductance and the equivalent con- 

14 
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ductance of a solution containing C equivalents of electiolyte per liter aic 
by the nature of their definitions, connected by the relation^ 

. 1000^ 

A ^ (29) 

If the concentration C is expressed in mcles per liter, the quantity defined 
by equation (29) is called the molal or the molecular conductance^ and is 
then usually represented by the symbol, X, in case the molal and equivBlent 
weights are different. 

Problem 4. — ^A cylindrical resistance cell 2 cm. in diameter is fitted witb 
horizontal silver electrodes 4 cm. apart, and is filled with 0.1 normal silver 
nitrate solution. An E.M.F. of 0.5 volt causes 3.72 milliamperes to flov 
through the solution. Calculate the conductance, the specific conductance, 
and the equivalent conductance. 

Problem 6. — How much copper would be precipitated from a cuprom 
chloride solution in 1 hour by a current which produces 0.1 gram of hydro- 
gen in the same time? How much from a cupric chloride solution? What 
is the average strength of the current in amperes? 

Problem 6. — How many coulombs of electricity will be required in order 
to deposit 10 grams of silver in 60 minutes from a solution of silver nitrate? 
How many wiU be required in order to deposit the same amount of silver in 
135 minutes? 

Problem 7. — If a current of 0.2 ampere is passed for 50 minutes thnmgii 
dilute sulphuric acid between platinum electrodes, what volume of hydroga 
and what volume of oxygen, measured dry at 27° and 1 atmosphere, will be 
produced? 

Problem 8. — A silver electrode weighing x grams is made the anode in » 
hydrochloric acid solution during the passage of a current of 0.1 ampere for 
10 hours. After drying, the electrode together with the closely adherent 
layer of silver chloride is found to weigh 10 grams. Calculate x. 

Problem 9. — A cupric sulphate solution is electrolyzed with a coppa 
cathode and platinum anode until 6.35 grams of copper are dex>08ited. Tie 
gas evolved at the anode is measured at 25** over water whose vapor pressure 
at this temperature is 23.8 mm. Barometric pressure = 752 nun. (1 ) "What 
volume does it occupy? (2) How much time would be required for the 
electrolysis if a current of 0.1 ampere were used? (3) What is the maasrf 
the gas evolved? 

Problem 10. — A current of electricity is passed for 53 hours through an 
aqueous solution of Na2S04 between platinum electrodes. A silver coul- 
ometer connected in series shows a deposit of 10.8 grams of silver in this 
time. The gas evolved at the cathode in the Na2S04 solution is collected 
and measured dry at 20** under a pressure of 756 mm. (1) What volume wiD 
it occupy ? (2) What is its mass ? (3) What was the average current strengti 
employed in the electrolysis? 

Problem 11. — A solution of cupric sulphate containing 5 grams of copper 
is allowed to stand in contact with an excess of bright iron tacks imtil all d 
the copper has been deposited. If the solution is now boiled with bromlD* 
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water in excess and then with an excess of NH4OH and the resulting pre- 
cipitate filtered off, ignited, and weighed, how much will it weigh? 

Problem 12. — Twenty grams of bright copper gauze are allowed to stand 
in contact with 1 liter of a 0.05 normal silver sulphate solution until action 
ceases. The gauze is then removed, dried and weighed. How much does it 
weigh? The solution remaining, which may be assumed to contain only 
cupric sulphate, is electrolyzed between platinum electrodes in such a 
manner that copper only is liberated at the cathode. How much copper is 
deposited? The gas given off at the anode is mixed with an excess of hydro- 
gen (x grams) and exploded. The residual gas is measured over water at 
20 and 772 mm. and found to occupy a volume of 2240 c.c. Calculate x. 
The vapor pressure of water at 20® is 17.5 mm. 
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CONDUCTANCE AND DEGREE OF IONIZATION 

1. Equivalent Conductance and Concentration, (a) Ao Vabses.— 

Let one equivalent weight of an electrolyte dissolved in water 
be placed between two parallel electrodes 1 cm. apart and of 
indefinite area, as shown in Fig. 30. The conductance of this 
solution measured in this cell is by definition (XVI, 7) its 
equivalent conductance. If the solution in the cell be now 
gradually diluted, the conductance will be observed to change 
and will eventually increase gradually and continuously and 
approach a definite limiting value at infinite dilution. This 
behavior is illustrated by the data in Table XX. 

Table XX 

Illustrating the variation of equivalent conductance with concentratioii Ib 

aqueous solution at 18° 



C, (equiv. per liter) = 


1.0 0.5 


0.1 


0.03 


0.01 


0.001 


0.0001 0.00 


KCl = 


98.27 


102.41 


112.03 


• • • • 

• • • • 

5.66 

8.52 


122.43 


127.34 


129.07 


129.5 
115.7 
(238) 


AgNOa = 


67.6 


77.5 


94.33 


107.80 


113.14 


115.01 


NH4OH = 


0.89 


1.35 


3.10 


9.68 


28 


? 


HCiHsO^ = 


1.32 


2.01 


4.68 


14.59 


41 


107 


(348j 



In the case of the first two electrolytes (strong electrolytes, 
XV, 4) in this table the limiting value, Ao, of the equivalent con- 
ductance shown in the last column is obtained by extrapolatioo 
from the preceding values, and although extrapolation is always 
a more or less uncertain process, the values obtained for strong 
electrolytes are usually fairly reliable (to 1 per cent, or better in 
most cases) because the extrapolation extends over a short (fr 
tance only, that is, the extrapolated value is not greatly different 
from the last measured value. In the case of the last two dectro- 
lytes (weak electrolytes, XV, 4), however, the Ao values cannot 
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be obtained in this manner owing to the very long extrapola- 
tion which would be necessary, for conductance measurements at 
concentrations below 0.0001 normal are exceedingly difficult 
to carry out with any accuracy. The Ao values for weak electro- 
lytes are, therefore, obtained by another method described below. 
(b) Ion Conductances. — The increase of A with dilution is 
interpreted by the Ionic Theory as follows: With increasing 
dilution the degree of ionization (XV, 4) of the electrolyte increases, 
and since this results in a larger number of ions (current carriers) 
between the electrodes of the cell the conductance increases 
correspondingly. When the electrolyte is completely ionized 
(as at infinite dilution) its equivalent conductance in the solu- 
tion, Ao, is evidently the equivalent conductance of a solution 
containing one equivalent weight of each of the ions. The 
magnitude of Ao for an electrolyte will obviously depend upon 
the speeds with which the ions of that electrolyte move through 
the water, since the faster they move the more efficient they are 
BS carriers of electricity, and for a given electrolyte Ao will 
obviously be made up of the separate equivalent conductances 
of the ions of that electrolyte. Thus the Ao values of the follow- 
ing electrolytes at 18° are expressed by the equations 

NaCl, Ao=Aon^++Aoci- =43.2+65.3 = 108.5 
LiOH, Ao=AoLi++AooH- =33.2+174 =207 
HNO3, Ao = A jj++Aono.- = 313+61.7 =375 

the conductances being expressed in reciprocal ohms. 

Table XXI shows the equivalent conductances at infinite 
dilution of some of the more important ions at 18° together with 
their temperature coefficients. The method by which the in- 
dividual ion-conductances are obtained from the Ao values of the 
electrolytes will be discussed in the next chapter. By adding 
together the proper ion-conductances one can obtain the Aq 
value for any electrolyte. This statement is known as Kohl- 
rauscK^ Law of the independent migration of ions. This law is 

« Friedrich Wilhelm Georg Kohlrausch (1840-1910). Professor of 
Physics at Gottingen, at Wiirtzburg and in 1888 at Strassbourg. After 
1895, President of the Physikalisch-Technische Reichsanstalt, at Charlotten- 
burg. 
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Table 

Ion-conductances at infinite dilution 
18°. Based upon the measurements 
Amer. Chem. Soc, 36, 534 (1913).) 



XXI 

and their temperature coefficients, at 
of Kohhrausch. (See Bates, Jour. 



Cations 




Anions 




Ion 


Ao^ 


l/dA\ 


Ion 


Aoa- 


l/dA\ 
AVd</i,' 


H+ 


313. 


0.0154 


OH- 


174. 


0.018 


C8+ 


67.4 


0.0212 


ci- 


65.3 


0.0216 


K+ 


64.3 


0.0217 


Br- 


67.2 


0.0215 


NH4+ 


64.5 


0.0222 


I- 


65.9 


0.0213 


Na+ 


43.2 


0.0244 


NOr 


61.7 


0.0205 


Li+ 


33.2 


0.0265 


cior 


54.8 


0.0215 


T1+ 


65.5 


0.0215 


BrOr 


48. 




Ag+ 


54.0 


0.0229 


10,- 


33.9 


0.0234 


iCa++ 


51.0 


0.0247 


CjHaOr 


35. 


0.0238 


iMg++ 


45.0 


0.0256 


iCtOr- 


61. 


0.0231 


iBa++ 


55.0 


0.0239 


isor- 


67.7 


0.0227 


iPb++ 


61.0 


0.0240 


iCrOr- 


72. 





especially important in the case of weak electrolytes where the 
Ao values cannot be obtained by extrapolation from the con- 
ductance data because even at high dilution (0.0001 nonnal) 
the ionization is still far from complete. (Cf. above and Table 
XX.) 

Problem 1. — Compute the Ao values for the following electrolytes at 
18^ from the individual ion-conductances: oxaUc acid, ammoniuni bromide, 
barium iodate, ammonium hydroxide, acetic acid. The Ao value for 
JZnSO* at 18° is 113.0 reciprocal ohms. Calculate Aoi2n++- 

(c) Empirical Dilution Laws. — For expressing the rate of 
change of the equivalent conductance of an electrolyte with its 
concentration a number of empirical equations have been pro- 
posed and used by various investigators. Of these relations we 
shall mention here only two of the most recent ones. An equa- 
tion proposed by Kraus" has been tested by Kraus and Bray* fori 
great variety of electrolytes in many different kinds of solvents 
and has been found to be on the whole very satisfactory. It has 
the following form: 

*» Charles August Kraus. Since 1914, Professor of Chemistry at C3«k 
University, Worcester, Mass. 

* William Crowell Bray (1879- ). Assistant Professor of Chemi>b7 

at the University of California. 
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(Al.) ' ^ k+k' (^) * 

UoW /j_JW_\~^ WV (lo) 

\ Aoi?o/ 

where i?/i?o is the ratio of the viscosity (III, 6) of the solution to 
that of water at the same temperature and A '"^/rio is called the 
"corrected" equivalent conductance. (Cf. Sec. 2c below.) The 
quantities A;, A;', h and likewise Ao are empirical constants whose 
values are so chosen as to give the best agreement between the 
calculated and observed conductance values. 

In the last colunm of Table XXII are shown the values of 
A ''^/rjo calculated from the Kraus equation for KCl solutions at 
18°, using for the four empirical constants the values given at 
the head of the table. On comparing these values with the ob- 
served values for the same concentrations as shown in column 4, 
it will be seen that the agreement is very good except for concen- 
trations below 0.001 molal. Here the equation seems to break 
down and apparently leads to a Ao value much lower than the 
ordinarily accepted one for this salt. 

Bates" has proposed an equation of the same form as that of 
Kraus except that the logarithm of the left-hand expression is 
employed instead of the expression itself. 

^""^Aa^oJ T^Z^K) ^ ^ W (16) 

The constants k, k' and h in the Bates equation are empirical 
ones to be evaluated from the experimental data, but the constant 
Ao represents the value of A at infinite dilution, obtained by 
extrapolation from the most reUable measurements at high dilu- 
tions without reference to the values of the other constants in 
the general equation or to the form of this equation. In column 
5 of Table XXII are shown the values of A ^/t/o calculated from 
the Bates equation for KCl solutions at 18°, using for the three 
empirical constants k, k' and h the values given at the head of 
the table. The value for Ao is that obtained from Table XXI. 
The agreement between these calculated values and the observed 

"Stuart Jeffrys Bates (1888- ). Since 1914, Professor of Inorgaa'" 
and Physical Chemistry at Throop College of Technology, Pasadena, C 
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values is excellent throughout the whole concentration range 
between zero and 1 normal. 

Table XXII 

A comparison of the empirical equations of Bates and of Kraus with 
Kohlrausch's conductance data for KCl at 18^. 



Bates' equation: Logio 



/ Aiy 
\Aoi7( 



V ^ 



Aiy \ \Aoi|o7 



\ A0170/ 

where Aoi k, k', and h are empirical constants whose values for KCl at 18* 
are 129.50, -3.5905, 4.020, and 0.0775 respectively. (Bates, Jour. Amer. 
Chem. Soc, 37, 1431 (1915).) 



Kraus' equation: It~^) " 



(■ 



Ai7 \ 



^k+W 



\Aorio/ 



A0170/ 



where Ao, K k', and h are empirical constants whose values for KCl at 18* 
are 128.3, 0.080, 2.707, and 0.763 respectively. (Kraus and Bray, Jour. 
Amer. Chem. Soc, 36, 1412 (1913).) 













Equivalent 




Relative 


Equivalent con- 


Equivalent 


oondnei- 


Concentra- 


viscosity 


ductance observed 


conductance 


ance cal- 


tion, C moles 
per liter 


of the 
solution. 






calculated 
(Bates), 


culated 
(Kraus 








v/vo 


A 


A 17/170 


A 17/170 


and Bray). 

Av/v 


3. 


. 9954 


88.3 


87.89 


89.3 


87.4 


2. 


0.9805 


92.53 


90.73 


91.9 


90.9 


1. 


0.982 


98.22 


96.5 


96.53 


96.4 


0.5 


0.9898 


102 . 36 


101 . 32 


101 . 29 


101.1 


0.2 


0.9959 


107 . 90 


107 . 46 


107.43 


107.6 


0.1 


0.9982 


111.97 


111.77 


111.73 


111.9 


0.05 


(0.9991) 


115.69 


115.59 


115.58 


115.5 


0.02 


(0.9996) 


119.90 


119.85 


119.83 


119.8 


0.01 


(0 . 9998) 


122 . 37 


122 . 35 


122 . 32 


122.4 


0.005 


(0.9999^ 


124 . 34 


124 . 33 


124.38 


124.4 


0.002 


1.0000 


126 . 24 


126 . 24 


126 . 31 


126.3 


0.001 




127.27 


127.27 


127 . 32 


127.2 


0.0005 




128 . 04 


128 . 04 


128 . 05 


(127.6) 


0.0002 




128 . 70 


128 . 70 


128.68 


(127.9) 


0.0001 




129.00 


129.00 


128.96 


(128.1) 


0.0 




129 . 50 


129 . 50 


129 . 50 


128.3 



For moderate concentrations the viscosity ratio ^/lyo may h g 1. 
taken as unity and for weak electrolytes at small concentratko* 
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the product -r— is so small that the term containing it on the 

Ao 

right-hand side of the equation is usually negligible in comparison 
with the term fc, and hence for weak electrolytes both equations 
reduce to the form 

-m TV = const. (Ic) 

Ao(.Ao— A; 

which is known as Ostwald's* dilution law for weak electrolytes. 
It expresses the results for such electrolytes with great exactness 
(XXII, 6d and Table XXVII) and we shall see later that it can 
be deduced theoretically from the Second Law of Thermodyna- 
mics and the Solution Laws (XXII, 36). 

Problem 2. — Calculate the specific conductance of 0.0076n KCl solu- 
tion at 18° using (1) the Kraus equation and (2) the Bates equation with the 
values of the constants given in Table XXII. Calculate, using Ostwald's 
dilution law, the specific conductance of 0.02n HCsHiOs solution at 18° 
using the data given in Table XX. 

2. Degree of Ionization and Conductance Ratio, (a) Ions 
and Ion-Constituents. — Consider a solution of a salt CA, of con- 
centration C equivalents per liter. The equivalent conduct- 
ance of this solution may be regarded as made up of two parts: 

(1) the equivalent conductance of the ion-constituent, C, and 

(2) the equivalent conductance of the ion-constituent, A, that is, 

A = Ae+Aa (2) 

The distinction between ion and ion-constituent should be clearly 
understood. The equivalent conductance (Ac+) of C-ion re- 
fers to the conductance of one equivalent weight of the con- 
stituent C when all of it is in the form of ions, while the equivalent 
conductance (Ac) of the ion-constititent C refers to that part 
of the conductance which is due to the constituent C, part of 
which may exist in the solution in the form of ions and the 
remainder in the condition of un-ionized molecules. It is evident 
from the definitions of these two quantities that they are related 
to each other by the equations 

Ac = aAc+ (3) 

and Aa = aAa- (4) 

« Wilhelm Ostwald (1853- ). Emeritus Professor of Physical Chem- 
istry of the University of Leipzig. Founder and Editor of the Zeiischrift fUr 
physikalische Chemie and the Annalen der NaturphUosophie. 
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where Ac and A« are the equivalent conductances of the ion- 
constituents, C and A, in a solution of the salt CA, a is the de- 
gree of ionization (XV, 4) of the salt in this solution, and A^ 
and Aa- are the two ion-conductances in this same sohdion. 
Ac+ and Ao- will in general differ from Aoc+ and Aqo-, the ion- 
conductances at infinite dilution, because the ions in the salt 
solution will not in general be able to move with the same 
velocity as in pure water, since the velocity with which ions move 
through any medium will depend upon the frictional resistance 
which they experience in that medium and this frictional re- 
sistance will in general be different in a salt solution from what it 
is in pure water. 

(6) The Calculation of Degree of Ionization. — It may happen 
with a given solution that the resistance experienced by one of the 
ion species in moving through the solution is practically the 
same as that which it experiences in pure water. If, for example, 
this were the case for the cation, then it is evident that A«+ 
will be practically equal to Aoc+ and equation (3) would become 

« = T^ (5) 

and it is evident that by means of this equation we could cal- 
culate the degree of ionization of the salt in this solution. 

The equivalent conductance (Ac, Aa) of any ion-constituent in 
a solution is by definition equal to the total equivalent con- 
ductance of the electrolyte in that solution multiplied by the 
fractional part of the current-carrying done by the ion-con- 
stituent in question in that solution. This fraction is called 
the transference number (ric, na) of the ion-constituent and the 
methods by which it is measured are described in the next chapter. 
We have, therefore, 

Ac = n^A (6) 

and hence equation (5) may be written 

ncA . 

If the solution is so dilute that both ions experience practically 
the same resistance as they do in pure water we have (equation 5) 

Ac Aa 



a = 



Aoc+ Aoa- 



(8) 
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and also by the principles of proportion 

«=Ao.++Ao,- W 

or 

a = A (10) 

that iS; under these circumstances the degree of ionization of a 
uni-univalent electrolyte at concentration C is equal to the ratio 
of its equivalent conductance at this concentration, to its equiva- 
lent conductance at infinite dilution. Equation (10) is the one 
most commonly employed for calculating degree of ionization 
from conductance data and is the one which we shall employ 
throughout this book except where otherwise indicated. It is 
evident from its derivation that the equation is only valid for those 
solutions in which both ions are able to move with the same speed as 
they do aJt infinite diliUion. 

(c) The Viscosity Correction. — In cases where the above con- 
dition is not fulfilled attempts have been made to correct for the 
effect of frictional resistance, on the assumption that Stokes' 
Law (IX, 3) is obeyed and hence that the equivalent conductance 
of an ion is inversely proportional to the viscosity (III, 6) of the 
medium through which it moves. This assumption leads to the 
equations 

«=Ax^=^X^ (11) 

Aoc+ Vo Aoa- rio 



and 



«=r- (12) 

Ao ^0 



corresponding to equations (8) and (10). The assumption is of 
doubtful validity, however. In fact a systematic investigation^ 
of this subject has shown beyond question that Stokes' Law is 
not in general applicable to the movement of an ion. Instead, 
the following empirical equation seems to hold very closely for 
nearly all the cases studied: 

A=Ao(^)* (13) 

where h is an empirical constant whose value (instead of being 
unity for all ions, as Stokes' Law would require) varies for the 



I 
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different ions between about 0.6 and 1.1 and tor a given spedea 
of ion depends upon the nature of the moleculea composing the 
medium through which the ion moves. 

It has been proposed^ to make use of the above relation in 
order to apply the viscosity correction, and this would in fact be 
the most logical procedure. Unfortunately it is of little value, 
however, because the constant k depends upon the nature of 
the solution and there is at present no satisfactory method of 
evaluating it for solutions of strong electrolytes. The whole 
question of the proper method of correcting for the influence of 
viscosity is thus in a very unsatisfactory condition. Where a 
correction for viscosity is necessary equations (11) and (12) may 
perhaps be employed as first approximations in many cases wit 
a fair degree of accuracy, and this is about all we can safely 
flay at present. 

Some prominent investigators^ in this field even incline to the 
opinion that the speeds of the ions actually increase with increas- 
ing concentration of the electrolyte, and that even in solutions so 
dilute that the viscosity of the solution is practically identical 
with that of pure water the ions move with decidedly greater 
velocities than they do at infinite dilution. If such is the caae, 
the degrees of ionization calculated from the conductance ratio 
are all too high. The evidence at present (1915) available on this 
point, while not conclusive either way, nevertheless supports 
strongly the view that the conductance ratio is substantially s 
correct measure of the degree of ionization of uni-univalent 
electrolytes in dilute solution, and this is the view which is 
adopted in the following pages. 

Problem 3. — If in a, solution containing 0.05 mole each ot KCl and LiCI 
each salt is 85 per cent, ionized, what would be the specific conductancso' 
the solution (1) at 18° and (2) at 25°? Use Table XXI. 

3. Degree of Ionization and Type of Electrolyte. — Salts 
belonging to the same ionic type (XV, 3fi) have at the same 
equivalent concentrations approximately the same value of the 

conductance ratio, t— Table XXIII shows some average values 
of this ratio for the three simplest types. 

For uni-univalent and probably also for bi-bivalent aalW 
i values represent, according to equation (10), the degree* 
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of ionization of the salts, because salts of these types ionize 
directly into the ions to which Ao corresponds. Such is not 
the case, however, with the uni-bivalent, the uni-trivalent and 
the bi-trivalent types because they ionize in such a way as to 
give intermediate ions. Thus K2SO4 ionizes so as to give the 
ions K+, SO4 — , and KSOi". At infinite dilution the inter- 
mediate ions KSOi" are all broken up into K+ and SO 4 — ions 
so that the Ao value corresponds only to these two ion species, 
but at any finite concentration the A value is made up of the 
separate conductances of three species of ions, the relative 
amounts of which are not known. Owing to the presence of these 
intermediate ions equation (10) cannot be employed to calculate 
ce for such electrolytes. We have no very satisfactory method 
for determining the degree of ionization and the ion concentra- 
tions for salts like BaCU, although it can be done approximately 
in some instances by a combination of methods.' 

Table XXIII 
Values of — at different concentrations for three types of electrolytes 

at 18** 



Type Example 0.001 


0.01 


0.05 


0.1 


Normal 


Uni-univalent 


KNO, 


0.96 


0.92 


0.87 


0.84 






Uni-bivalent 


f BaCU 


0.94 


0.87 


0.78 


0.73 






Bi-bivalent 


MgS04 


0.86 


0.64 


0.47 


0.41 





We can, however, make the general statement that all salts 
are highly ionized in dilute aqvsous solution. There are a few 
exceptions to this rule, but they are very few and the rule is one 
which the student should remember. Some of the exceptions 
are lead acetate, ferric sulphocyanate; cadmium chloride (a = 
45 per cent, at O.ln); and the mercuric halides (a = 0.1 per cent, 
at O.ln). 

Acids and bases, unlike salts, exhibit at any moderate con- 
centration, such as 0.1 normal, every possible degree of ioniza- 
tion between a small fraction of 1 per cent, up to nearly 90 
per cent, according to the nature of the substance. There is, 
to be sure, a fairly large group of uni-univalent acids and bases, 
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including HCl, HBr, HI, HNO,, HCIO,, KOH, NaOH, liOH, 
which have ionization values comparable with those of the uni- 
univalent salts, with which, therefore, they may be classed; 
and likewise the uni-bivalent bases of the alkaline earths are 
also highly ionized in dilute solution, although perhaps somewhat 
less so than those of the alkali metals. But outside of these 
groups all possible values of a are met with, as illustrated by 
the following values of the percentage ionization (100a) at 25° 
and 0.1 normal: NH4OH, 1.3 per cent.; HsSOs, 34 percent 
(mto H+ and HSOs"); H3PO4, 28 per cent, (into H+ and 
HaPOr); HNO2, 7 per cent.; HC2H8O1, 1.3 per cent.; HjCOi, 
H2S, HCIO, HCN, HBO2, all less than 0.2 per cent. 

Polybasic acids are known to ionize in stages, giving rise to 
the intermediate ion; and the first hydrogen is almost always 
much more dissociated than the second, and the second much 
more than the third. Thus H2SO3 at 0.1 normal at 26® is about 
34 per cent, dissociated into H+ and HSOa", and less than 0.01 
per cent, dissociated into H+ and SOa — . 

4. Degree of Ionization and Temperature. — ^At room tempera- 
tures the value of a for uni-univalent strong electrolytes changes 
with the temperature at a rate of less than 0.1 per cent, per de- 
gree. For KCl at about 0.08 normal, A. A. Noyes* found for 
100a the following values: 



0** 


18** 


100*» 


156^ 


218^ 


281** 


306' 


89.3 


87.3 


82.6 


79.7 


77.3 


72 


64 



which are typical of most salts of this type. In the case of weak 
electrolytes no general rule as to direction and magnitude can be 
given, although, as we shall see later (XXII, 10), the rate of 
change with the temperature can be calculated from the heat of 
ionization of the electrolyte. 

6. Comparison of Degrees of Ionization Calculated by tte 
Freezing-point and Conductance Methods. — As explained above 
(XV, 4), the freezing-point method can frequently be employed 
to calculate the approximate degree of ionization of uni-univalent 
electrolytes owing to a partial compensation of sources of error. 
A comparison of the values obtained by the two methods in tte 
case of CsNOs, KCl and LiCl is shown m Table XXIV. b 
the case of CsNOa the values obtained from the f reezing-poiD^ | i^ 
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lethod all appear to be too small. This may, at least partially, 
e ascribed to the powerful efifect which the ions have upon the 
lermodynamic environment in the solution. In the case of LiCl 
16 values obtained by the freezing-point method are apparently 
II too large. This is due chiefly to the fact that LiCl is highly 
ydrated in solution and no account was taken of this in the cal- 
ilation. (Cf. XIV, 7.) In the case of KCl these two sources 
: error appear to compensate each other almost exactly and the 
alues of a by the two methods agree within the experimental 
Tors of the measurements. LiCl and CsNOs are extreme cases, 
ractically all other uni-univalent salts lie within the limits 
)t by these two. It is evident from these results that agree- 
lent between the values obtained by the two methods is no 
ddence that the values are correct (as has been concluded by 
>ine investigators), for the agreement can be only an accidental 
le. Even the accidental very close agreement in the case 
: KCl at 0° disappears* at 25° when vapor pressure measure- 
lents are made the basis for calculatiug a. (Cf. XV, 2 and 
roblem 4.) 

Table XXIV 

Comparison of the degrees of ionization calculated by the freezing-point 
lethod, equation (7, XIV), and by the conductance method, equation (12, 
IVII). «Fi by the freezing-point method. «a, by the conductance 
lethod. [Cf. Jour. Amer. Chem. Soc, 33, 1702 (1910).] 



Ki 


Atp 


(1+Mi^i 


100«i? 


100«A 


CsNOa 


0.025 


0.086° 


0.046 


85. 


89.1 


0.10 


0.325 


0.175 


75. 


80.8 


0.20 


0.622 


0.335 


68. 


74.6 


0.50 


1.419 


0.770 


54. 


64.5 


KCl 


0.025 


0.089 


0.947 


92. 


93.1 


0.10 


0.345 


0.186 


86. 


87.9 


0.20 


0.680 


0.367 


84. 


84.7 


0.50 


1.658 


0.899 


79.8 


79.6 


LiCl 


0.025 


0.090 


0.048 


94. 


90.7 


0.10 


0.351 


0.189 


89. 


85.7 


0.20 


0.694 


0.374 


87. 


82.3 


0.50 


1.791 


0.924 


84.8 


78.0 
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6. The Influence of Ions upon flie Thennodynamic E&tood- 
ment in Aqueous Solutions, (a) Nature of the Influence.— As 

stated above, the thermodynamic environment prevailing within 
a dilute solution of a strong electrolyte is quite appreciably 
different from that which prevails in pure water or in a dihite 
solution of a non-electrolyte, owing apparently to the com- 
paratively great influence which the large numbers of electrically 
charged particles (the ions) exert upon the other molecular 
species in the solution with them. This influence manifests itself 
by its effect upon the tendencies of the various molecular speda 
to escape from the solution into any other condition. (Cf . XII, 7, 
footnote 2.) Or, stated in other words, the fugacity (XIV, 1) 
of a given molecular species in a dilute aqueous solution is not 
simply a function of its own concentration but is a function of 
the ion concentration of the solution as well (XII, 9). The 
magnitude of the effect of the presence of the ions upon the 
fugacity of a given molecular species in the solution depends 
upon the nature of this species, and also, but frequently to a ka 
degree, upon the nature of the ions present in the solution as wdL 

For the purpose of presenting the known facts concerning the 
effect of the ion concentration upon the fugacities of different 
species of solute molecules it will be convenient to divide these 
solute molecules into three classes, as follows: (1) the ions 
themselves; (2) the un-ionized molecules of strong electrolytes; 
and (3) all other neutral molecules. 

It will be recalled that in a dilute solution of constant thermo- 
dynamic environment, in accordance with Henry's Law (equatim 
10, XIV), the fugacity of each species of solute molecule is 
proportional to its concentration, that is, 

or 

If therefore we plot values of the quantity -^ — ^the mold 

fugacity — for each molecular species in a solution against confr 
spending values of the ion concentration of that solution, m 
shall obtain a picture of the effect of the changing thermodynamK 
environment upon the fugacity of each molecular species. Mow*! 
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■ 

u over the magnitude of the variation of the ratio, j^t"? from con- 

Q stancy will be a measure of the sensitivity of the molecular species 
ff toward a variation of ion concentration in the medium surround- 
.' ing it. As is evident from the form in which we are expressing 
: Henry's Law, we shall confine the consideration to solutions so 
f dilute that the mole fraction of each solute species is proportional 
to its volume concentration. 

(b) The Influence of the Ion Concentration upon the Fugacity 
of Ions. — The nature of the influence is shown graphically in 
Fig. 31 in which the abscissae represent total ion concentrations 
{i.e., Ck+ or Ccr) in solutions of KCl and the ordinates represent 

values of the ratio, p, for potassium- and chloride-ions in these 

solutions, calculated on the assumption that both ions behave 
alike and that the conductance ratio is a correct measure of the 
degree of ionization.® It will be noted that increasing the ion 

concentration of the solution causes the molal fugacity, ^, of 

the ions to decrease, at first rapidly and then more slowly. Or, 
stated in another way, the more ions there are in the solution 
the less tendency they have to escape from the solution. 

The total percentage change in the molal fugacity within the 

• The necessary data for calculating the variation of fugacity with ion 
concentration can be obtained by a variety of different methods. The 
measurement of any property of the solution which is thermodynamically 
connected with the fugacity of the solute species under consideration will 
furnish these data. The data employed in constructing the curves for the 
ions and un-ionized molecules of KCl, shown in Figs. 31 and 32 above, were 
(1) the partial osmotic pressures of these molecular species as computed 
by Bates (Jour. Amer. Chem. Soc, 37, 1428 (1915)) from the freezing points 
of KCl solutions; and (2) the electromotive force of potassium chloride con- 
centration cells as determined by Maclnnes" and Parker (Ibid., 37, 1456 
(1915)) . Either class of data alone suffices for constructing such a curve, and 
both sets of data for KCl were found to be in complete agreement with each 
other. The investigation of the solubility relations of thallous chloride in 

^ aqueous salt solutions also yields results very similar to those presented 
above. (See Bray, Jour. Amer. Chem. Soc, 33, 1683 (1911).) Curve A 

5 in Fig. 32 is based upon the solubility of hydrogen gas in solutions of potas- 

2 slum chloride. 

*' "Duncan Arthur Maclnnes (1885- ). Associate in Physical Chem- 
istry at the University of Illinois. 
16 
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range (C< = 0.001 to 0.1) covered by the figure is less than 10 
per cent., however, while within the range, C» = 0.006 to 0.1, 
the percentage change is less than 3 per cent. For many 
purposes this comparatively small variation from constancy may 
be neglected and we may therefore formulate the following useful 
approximate principle: In dilute aqueous solutions of electrolytes 
the fugacity of an ion-spedes is approximaiely proportional to its 
concentration. 
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Fig. 31. — Illustrating the effect of varying ion concentration upon the 
fugacity of ions. The curve shown is for the ions of KCl.' 

The curve shown in Fig. 31 can be satisfactorily represented 
by the following empirical equation : 



Vi 



logio y;-=/CiC^+const.= -0.1157Ci«-207+const. 



(16) 



(c) The Influence of the Ion Concentration upon the Fugadtj 
of Un-ionized Molecules of Strong Electroljrtes. — This effect is 
shown graphically by curve u in Fig. 32, the values of the 
ordinates being indicated on the left-hand margin. The values 
employed are for the un-ionized molecules of KCl in solutiotf 
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of this salt. It will be observed that the molal fugacity, ^, of 

these molecules increases very rapidly with increasing ion con- 
centration, the increase between 0^ = 0.001 and C< = 0.1 being 
about sevenfold. Stated in other terms, the presence of the 
ions in the solution increases the escaping tendency of the un- 
ionized molecules. This increase is known as the salting-out 
effect. It is shown generally by nearly all classes of neutral 
molecules when a salt is added to the solution containing them. 




Fig. 32. — Illustrating the efifect of varying ion concentration upon the 
fugacity of neutral molecules. Curve u is for the un-ionized molecules of 
KCl and curve A is for molecules of H2, in solutions of KCl." 



The difference between the un-ionized molecules of strong 
electrolytes and other neutral molecules in this respect is that 
the magnitude of the salting-out effect is very much greater in the 
former case. As a partial explanation of this difference it has 
been suggested by A. A. Noyes that most of the un-ionized 
taolecules of a strong electrolyte may be intra-molecularly polar- 
ized. A polarized molecule (Cf. I, 2g) of this character might 
^ell be more sensitive to changes in the ion concentration of the 
Stirroimding medium than would an unpolarized molecule. 
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This is also in accordance with the views of Sir J. J. Thomson 

(I, 2g). 

Curve u in Fig. 32 can be satisfactorily represented by the 
empirical equation, 

logio^ = fc»Ci*«+ const. = 3.27C<»»*«+coiist. (17) 

(d) The Effect of flie Ion Concentration upon ffae Fogadtj 
of Neutral Molecules in GeneraL — Neutral molecules in general I 
undergo the salting-out effect in the presence of ions. Tlie 
magnitude, of the effect appears to be largely independent of the 
nature of the neutral molecule but depends upon the nature of 
the ions. 

If, however, the neutral molecules in a given instance enter 
into a chemical reaction with the molecules or ions of the salt 
or with the molecules of the solvent, the effects of such reactions 
may completely mask the salting-out effect proper and the tM 
molal fugacity of the substance may be decreased instead of 
increased by the presence of the salt in the solution. 

The magnitude of the salting-out effect produced by the ions 
of KCl is illustrated by curve A in Fig. 32, the ordinates for this 
curve being indicated on the right-hand margin of the figure. 
It will be noticed that for an ion concentration of 0.1 equivalent 
per liter the salting-out effect amounts to only about 3 per 
cent., and the relation is nearly a linear one. Curve A can also 
be satisfactorily represented by the following empirical equation: 

logio^ = fc'AC,-* = 0.13C, (18) 
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CHAPTER XVIII 
ELECTRICAL TRANSFERENCE 

1. The Phenomenon of Electrical Transference. — We have 
seen (XVI, 3) that when a current of electricity is passed through 
a solution of an electrolyte aU of the anions move toward the 
anode and all of the cations toward the cathode. Since the 
different ions move with different speeds, the faster moving 
ones will, other things being equal (XVI, 3), do more of the 
current-carrying than the slower moving ones. Through any 
cross section of the solution, however, the number of equivalents 
of cation which move toward the cathode plus the number of 
equivalents of anion which move toward the anode must by 
definition be equal to the total number of equivalents of elec- 
tricity (XVI, 5) passed through the solution, or 

Nc + Na = Ne (1) 

and the ratios Ne Nc ,o\ 

= The {2) 



Nc + Na^Ne 

and Ng __ A^ __ ,«x 

evidently represent the fractional part of the total current 
carried by each species of ion and also the number of equivalents 
of each ion species as well as the number of equivalents of each 
ion-constituent transferred in the one direction or the other 
through the solution during the passage of one faraday of elec- 
tricity. The quantities Ue and ria are called the transference 
B numbers (XVII, 26) of the ions and of the ion-constituents indi- 
^cated by the subscripts. As a result of this transfer of ions 
*" through the solution, concentration changes take place around 
' the electrodes. The nature of these changes and their relation 
to the transference number may be best understood by the con- 
sideration of a Hittorf" transference experiment. 

« Johann Wilhelm Hittorf (1824-1914). Professor of Physics in the Uni- 
V-ersity of MUnster, Grermany. 
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evidently be equal to Ne—Ne, that is, it must be equal to the 
silver which has come into the anode portion from the electrode 
diminished by the silver which has gone out of the anode portion 
owing to the migration of silver ions toward the cathode. Hence 
by definition (equation 2), the transference number of the 
silver ion is evidently 

^^=Fr N. (^) 

and that of the nitrate ion is by definition (equations 2 and 3), 
Wo = l--nc. At the cathode the reverse of the above process 
takes place and from the analysis of the cathode portion the 
two transference numbers can also be calculated by means of 
equation (4), thus giving a valuable check on the accuracy of 
the experimental work. 

In employing equation (4) the following points, which follow 
from its derivation, should be kept clearly in mind: From the 
total mass and composition of the electrode portion as calcu- 
lated from the results of the analysis and the knowledge of the 
electrode process, the mass of water, m«„ in the electrode portion 
can be computed. The analysis also gives the number of 
equivalents, N2, of the ion-constituent whose transference 
number is desired, which are present in the m^ grams of water 
in the electrode portion. From the known composition of the 
original solution we can calculate the number of equivalents, 
Ni, of this ion-constituent which were present in rriw grams of 
water in the original solution. Ne in the numerator of equation 
(4) is the number of equivalents of the ion-constituent in ques- 
tion which have passed into the electrode portion from the 
electrode. If the ion-constituent happens to have gone oiU of 
the solution on to the electrode, then N^ is obviously a negative 
quantity. In many cases it will be zero. Ne in the denominator * 
of equation (4) is the number of equivalents of electricity passed 
through the solution during the experiment, as measured by a 
suitable coulometer (XVI, 6) connected in series with the trans- 
ference apparatus. 

3. True Transference Numbers and Ionic Hydration. — It 
will be noted that the above calculation of transference numbers 
by the Hittorf method assumes that all of the water in the solu- 
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the two become practically identical as is evident from the 
following relation which connects them 



Ua =Tla —Ariw 



N 



(5) 



10 



fia* and Ua^ are respectively the true and the Hittorf trans- 
ference numbers, An^ is the number of moles of H2O trans- 
ferred from anode to cathode per faraday of electricity and 

•^ is the molal ratio, — tt ^ — , in the original solution. The 

iVw ±12^ 

relative ionic hydrations and true transference numbers obtained 
in this way in the case of the uni-univalent chlorides are shown 
in Table XXV. 

Note. — Compare the relative degrees of hydration of the alkali ions as 
shown in Table XXV with their ion-conductances given in Table XXI and 
with the atomic weights of the elements, Table I. 

4. Change of Transference Numbers with Concentration and 
Temperature. — In the case of uni-univalent salts the trans- 
ference numbers change very little with the concentration as 
long as the latter does not exceed a moderate value, say 0.01 
normal. This is illustrated by the following values of Ue 
(Hittorf) at 18°. 

Values of n«= at 18° 



0.0 0.005 0.01 0.02 0.05 0.1 0.2 0.3 0.5 1.0 



KCL. 
NaCl. 
LiCl. . 



0.496 
0.398 
0.338 



0.496 
0.396 



0.496 
0.396 
0.332 



0.496 
0.396 
0.328 



0.496 
0.395 
0.320 



0.495 
0.393 
0.313 



0.494 
0.390 
0.304 



0.388 
0.299 



0.382 



0.369 



With rising temperature all transference numbers which have 
been measured exhibit a tendency to approach 0.5. 

For compiled tables of the best transference data see refer- 
ence (1). 

Problem 1. — If the anion transference number of potassium chloride is 
D.604 and if the equivalent conductance at infinite dilution has the following 
vsAues: 129.5 for KCl, 125.9 for KNO3, and 104.9 for NaNOa, what is the 
transference number of sodium nitrate? 

6. Transference and Ion Mobility.' — A charged body in an 
electric field is acted upon by a force, /, equal to the product of 
the charge, q, into the potential gradient (dE/dl) at that point 
in the field, or 

f^q{dE/dl) (6) 
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where dE is the change in potential in the distance dL More- 
over, the velocity of a small body moving through a medium of 
great frictional resistance is proportional to the force acting upon 
it. Hence the velocity, Uj with which an ion moves through a 
solution of a given viscosity is proportional to the potential gra- 
dient prevailing within the solution (q being obviously a constant 
for a given ion), that is, 

u^ = C7e+(dJ?/dZ) and m«- = Uar-idE/dl) (I) 

where the proportionality factor (I7e+, Ur-) is obviously the 
velocity of the ion under unit potential gradient. It is called 
the mobility of the ion and is a characteristic property which 
varies with the temperature and with the nature of the medium 
through which the ion moves. Similarly the velocity with which 
a given ion-constituent is transferred through the solution wiD 
be 

Uc = a UMdE/dl) = UcidE/dV) (8) 

and similarly for the anion 

I i 




1 \- 

^_ t Sec^ 



^ 



Fig. 34. 

If a constant current, /, of electricity be passed for t seconds 
through a solution containing C equivalents of a uni-univalent 
electrolyte, CA, per liter, placed in a cylindrical tube of cross 
section A, between parallel electrodes 1 cm. apart, a consideration 
of Fig. 34 will show that the number of equivalents, Ne, of the 
cation-constituent which pass through any cross section of the 
tube in this time will be 

iVc = 1^^(0.0010) (9) 

or, since Uc=Ue{dE/dl), by equation (8), and dB/dZ equab 
E/l for a constant current in a homogeneous conductor of uni- 
form cross section (prove this, see equations (25) and (27), 
XVI), equation (9) becomes 

Nc=Uc{E/l)tA{OmiC) (10) 
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: and similarly for the number of equivalents of anion-constituent 
: passing in the opposite direction, 

Na=Ua(E/l)tA(OmiC) (11) 

If we divide each of these equations by their sum we obtain an 
expression for each of the transference numbers (see equations 
2 and 3) in terms of the mobilities of the ion-constituents. 

6. Transference and Ion-Conductances. — In the example just 
considered (Fig. 34), the total number of coulombs, g, of elec- 
tricity passed through our solution in the time t is by definition 
(equation (24), XVI) 

q = It (13) 

By Faraday's Law (equation (23), XVI), it is also 

q=FN. (14) 

and iV, the number of equivalents of electricity passed is, ac- 
cording to equation (1), expressed by the sum of equations (10) 
and (11), thus giving us 

It = q=FN.=F(Ne+Na) =F{Uc+ Ua) (E/l)tA(0.001C) (15) 

By simply combining this equation algebraically with equations 
(25, 26, 27 and 29, XVI) (prove this), we obtain the important 
relation, 

A=F{Uc+Ua)=FUc+FUa (16) 

and hence 

A=FaUc^+FaUc (17) 

or in words, the equivalent conductance of a uni-univalent elec- 
trolyte is equal to the faraday multiplied either by the sum of 
the mobilities of its ion-constituents or by the product of the 
degree of ionization into the sum of the mobilities of its ions. 
But the equivalent conductance of the salt is equal to the sum 
of the equivalent conductances of its two ion-constituents, or 
to the product of its degree of ionization into the sum of the 
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» 

conductances of its two ions (XVII, 2, equations 2, 3, and 4), 
that is, 

A = Ae+Aa (18) 

and 

A = a(A^+A«-) (19) 

and by comparing these two equations with equations (16) and 
(17), it is evident that 

Ac=FUc,Aa=FUa (20) 

and Ac+=FUc^yAa+=FUa+ (21) 

and the absolute velocity in centimeters per second with which a 
given ion (or ion-constituent) moves through a solution under 
unit potential gradient is evidently equal to ' the equivalent 
conductance of the ion (or ion-constituent) in the solution in 
question, divided by the faraday. 

Equations (12) and (16) combined with (20) and (21) give 

Ac=Anc, Ao=Ana (22) 

and Ac+ = oAric, Aa- = aAria (23) 

both of which at infinite dilution become (since a = 1) 

Aqc = Aoc+ = Aoric, and Aoa = Aqo- = AqWo (24) 

We have seen how values of Ao and of n are obtained experi- 
mentally (XVII, 1, and XVIII, 2 and 7), and it is clear that by 
means of equation (24) the individual ion-conductances at in- 
finite dilution recorded in Table XXI can be computed. To 
compute such a table all that is necessary is a set of Ao values for a 
sufficient number of electrolytes to include all of the desired ion 
species and the transference number of a single ion species d 
one of those electrolytes in very dilute solution. The values 
given in Table XXI are based upon the transference number of 
potassium chloride. (See Sec. 4.) 

Problem 2. — A transference experiment is made with a solution of silvff 
nitrate (0.00739 gram of silver nitrate per gram of water) iising two silvff 
electrodes. A silver coulometer in the circuit shows a deposit of O.O780 
gram of silver. At the end of the experiment the anode portion weighinf 
23.38 grams is removed and found on analysis to contain 0.2361 gram d 
silver nitrate. Calculate the transference numbers of the silver and nitrate 
ions in a silver nitrate solution of this concentration. The cathode portioB 
weighs 25.00 grams. How much silver nitrate does it contain? 
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7. Determination of Transference Numbers by the Moving 
Boundary Method. — From equations (7) and (12) it is evident 
that the ratio of the transference numbers of the two ions in a 
given salt solution is equal to the ratio of the velocities with which 
the two ion-constituents move through the solution 
and hence equal to the ratio of the distances covered 
by the two ion-constituents in a given time during the 
passage of the current. These two distances can be 
directly measured with the apparatus shown dia- 
granunatically in Fig. 35. A solution of the salt, CA, 
under investigation is placed between one of the salt 
CA' and another of the salt CA, having respectively 
the same cation and anion as the salt CA. The 
boundaries aa and bb separating the solutions are 
easily visible because of the different refractive indices 
(VIII, 3) of the solutions. A current is passed through 
the apparatus in the direction indicated by the short 
arrows. Boundary da moves upward to a'a^ and evi- 
dently represents the distance covered by the anion- 
constituent A during the passage of the current. 
Similarly boundary bb moves downward to W and 
represents the distance covered by the cation-constitu- 
ent. The ratio of the two distances is the ratio of 
the two transference numbers. 

Problem 3. — Prove that the two boundaries will remain sharp 
while the current passes, if Ua'<Ua and JJc'KUc. The salts 
are so chosen that these conditions are fulfilled. If one desired 
to measure the transference number of NaCl by this method, what salts 
might be used for CA and CA'? 

The experimental development of the moving boundary method 
has been due chiefly to Denison" and Steele.^ When employed 
in practice it is necessary, as shown by Lewis, ^ to correct the 
measured distance covered by the moving boundary for any 
mass displacement of the solution due to electrode processes. 
When so corrected the transference number yielded by this 
method has been shown by Miller^*^ and by Lewis^ to be identical 
with the Hittorf number. 

« Robert Beckett Denison. Professor of Chemistry in Natal University 
College, Pietermaritzburg, S. Africa. 

* William Lash Miller (1866- ). Professor of Physical Chemistry in 
the University of Toronto. 
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PROBLEMS 

The atomic weight table and the values of general constants such as tiw 
faraday may be employed in solving the following problems but no other 
data except those given with the problem are to be used. The influeace of 
viscosity may be neglected in computing a. 

Problem 4. — Using a silver anode and a silver chloride cathode, 0.04974 
equivalent of electricity was passed through an aqueous solution containiof 
8.108 per cent, of KCl and 4.418 per cent, of raffinose contained in a suitabk 
transference apparatus. At the end of the experiment the anode portion 
weighing 103.21 grams was analyzed and found to contain 6.510 per cent 
of KCl and 4.516 per cent, of rafl&nose. The cathode portion weii^iing 
85.28 grams contained 10.030 per cent, of KCl and 4.290 per cent, of raffinose. 
Three middle portions were found to have the same composition as the 
original solution. On the assumption that the rafl^ose remains stationaiy 
during the passage of the current calculate the true transference number of 
the potassium ion and the amount of water transferred per equivalent of 
electricity. Assuming that Nu,^^ molecules of water are attached to the 
chloride ion calculate the number attached to the potassium ion. (Gf. 
Table XXV.) 

Problem 6. — A solution containing 0.1 equivalent of KCl per 1000 gnmi 
of H2O has a specific resistance of 89.37 ohms at 18° and is 86.15 per cent 
ionized. This solution is electrolyjsed in a transference apparatus witii t 
silver anode and a silver chloride cathode. At the end of the electrolyoB 
the solution around each electrode is neutral and no gas has been evolved at 
either electrode. The anode is carefully washed, dried and weighed and is 
found to hav§ increased in weight by 0.01300 gram. A cathode portion of 
100 grams is drawn off from the neighborhood of the cathode and is found 
on analysis to contain 0.7539 gram of KCl. . Calculate from these daU 
(a) the equivalent conductance of potassium ion at infinite dilution, (6) 
the absolute velocity in centimeters per second of chloride ion in dilute 
solution at 18° when moving under a potential gradient of 2 volts per 
centimeter, and (c) the absolute velocity of chloride ion-constituent under 
the same conditions. 

Problem 6. — The specific conductance of 0.01 normal potassium nitrate 
solution at 18° is 0.001182 mho. Its equivalent conductance at infinite 
dilution at the same temperature is 125.9 mhos. Calculate its degree of 
ionization. On the assumption that it has the same degree of ionization at 
0°, calculate approximately its freezing point. 

Problem 7. — The equivalent conductance of silver nitrate at infinite 
dilution is 115.7 mhos at 18°. From the result obtained in problem 2. 
calculate the equivalent conductances of the silver and nitrate ions at 
infinite dilution. 

Problem 8. — From the result obtained in problem 7, together with the 
data given in problem 6, calculate the equivalent conductance of infinitely 
dilute potassium chloride solution at 18°, the equivalent conductance d 
silver chloride at infinite dilution being 119.3 mhos. 
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Problem 9. — From the result obtained in problem 8, calculate approxi- 
mately the specific conductance of 0.05 normal potassium chloride solution 
at 18®. The freezing point of this solution is —0.175°. Assume the same 
degree of ionization at 0° and 18°. 

Problem 10. — Calculate approximately the conductance of 0.1 normal 
Bodium nitrate solution at 18° in the cell of problem 11. The freezing point 
of the solution is —0.338° and its equivalent conductance (18°) at infinite 
dilution is 104.9 mhos. 

Problem 11. — ^A cylindrical conductivity cell of 1 cm. radius is fitted tightly 
with parallel silver electrodes 2 cm. apart and is filled with a O.ln solution 
of AgNOs for which the transference number of the positive ion is 0.468. 
A potential difference of 6.750 volts causes a current of 0.1 ampere to flow 
through the cell. The equivalent conductance of KNOa at infinite dilution 
is 125.9 mhos and the transference number of the positive ion is 0.511. 
Calculate the degree of ionization of AgNOs in O.ln solution. 

Problem 12. — Calculate the degree of ionization of ammonium hydroxide 
in 0.1 normal solution from the following data: its equivalent conductance 
at 25° in 0.1 normal solution is 4; the equivalent conductance of ammonium 
chloride at infinite dilution is 155, the transference number for the positive 
ion is 0.50 in the case of ammonium chloride and 0.27 in the case of am- 
monium hydroxide. 

Problem 13. — Describe with sketch of apparatus an experiment by means 
of which one could determine, more definitely than from the data in problem 
6, XV, the nature of the complex formed between NHj and AgNOs in 
solution. 
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CHAPTER XIX 

THERMOCHEMISTRY 

1. Heat of Reaction. — It may be stated as a general rule 
all physical and chemical reactions are accompanied by 
effects. The heat of reaction is defined to be the numbc 
calories of heat evohed when the reaction takes place, at con 
volume in the direction indicated, and between the amouni 
the reacting substances indicated, by the stoichiometrical e< 
tion of the reaction. Thus the equation 

2H2+O2 = 2H^+117,400 

signifies that when 4 grams of hydrogen gas unite in a clc 
vessel with 32 grams of oxygen gas to form 36 grams of wi 
vapor, 117,400 cal. of heat are evolved. The thermochem 
equation of this reaction might, if desired, be written, 

H+iO = |H^+29,350 

which is the thermochemical equation for the union of 1 gr 
of gaseous hydrogen with 8 grams of gaseous oxygen to fo 
9 grams of water vapor. A horizontal line above the form' 
of a substance in a thermochemical equation indicates that 1 
substance is understood to be in the gaseous state. Simila 
the absence of any line indicates the liquid state, a line below \ 
formula indicates the crystalline state, and a sufl&x, aq (tl 
HClag), indicates that the substance is in solution in such a la: 
volume of water that the addition of more water would not p 
duce any appreciable heat effect, that is, the solution is und 
stood to be so dilute that its heat of dilution is negligibly small 

Problem 1. — State in words the significance of the following ther 
chemical equations. The values given are all for room temperature (1 

C+02 = C02+ 94,310 

CO+O = CO2+68,000 

CaO+2HClag = CaCl2 ag+H20+ 46,200 

240 
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Zn+H2SO4ag=ZnSO4ag+H2+37,700 (6) 

Ca+^-CaO+H2+81,000 (7) 

Ca+2H20 = Ca(OH) a+H,+ 143,700 (8) 

Ca+2H2O+ag=Ca(OH)2ag+H2+94,100 (9) 

NOaaq+KClaq = AgCl +KN0»a(7+ 15,800 (10) 

KCl +aq = KCloq - 4400 (11) 

H2O = H2O - 1450 (at 18°) (12) 

HjO = HIO - 9990 (at 18°) (13) 

uH220u+ 1202 = 12^02+1 lino +1,243,000 (14) 

CJl6+7^O2 = 6CO2+3H^+754,300 (15) 

less's Law. — 

lem 2. — By means of the First Law of thermodynamics (X, 4) prove 
t the heat of a given reaction is independent of whether the reaction 
y takes place as written or whether it occurs in stages, and (2) if it 
in stages, that the heat of the reaction is independent of what the 
are and in what order they may occur. 

!se facts were discovered by Hess" in 1840 before the First 
of thermodynamics had been established as a general 
pie. They may be illus trate d by the p rocess of forming a 
solution of NH4CI from NHj and HCl. This process may 
)lace in two different ways, thus: 



(1) NH8+HC1 = NH4C1+42,100 (16) 

NH«Cl+a<y = NH4Cla(y-3990 (17) 



i 



NH,+HCl+og = NH4Clag+38,200 (18) 

(2) HH,+ag = NH,og+8400 (19) 



HCl+ag = HClag+ 17,300' (20) 

HClag+NH8ag = NH4Clag+ 12,300 (21) 



NH3+HCl+ag = NH4Clag+38,000 (18) 

■main Henry (Hermann) Hess (1802-1850). Professor of Chemistry 
University of St. Petersburg. 
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It is evident from these reactions that the heat of the yrbskl 
reaction, 

NHs+HCl+ag = NH4Clag (2?| 

is, within the experimental error (200 calO^ the same in botkj 
cases. 

Thermochemical equations can be added and subtracted, or I 
multiplied and divided just the same as algebraic equation 
Hess's Law is of great practical importance in computing theheit 
of reaction for cases where it cannot be directly measuiel 
A large part of the thermochemical data available at the present 
time^ is the result of the pioneer investigations of Thomsen* an(l| 
of Berthelot.^ 

Problem 3. — From the thermochemical equations given in this chapter | 
calculate the heats of the following reactions: 

C+0 = CO+? (28| 

Ca(OH) 2+ag = Ca(OH)2ag+? (2fl| 

Ca(OH)2ag+2HClag = CaCl2ag+2H20+? (291 }; 

H2+0 = H20+? (« 

3. Heat of Formation. — The heat of formation of a compound 
is the heat of the reaction by which the compound is formed oot 
of its elements. Thus the heat of formation of cane sugar, 
Ci2H220u, out of solid carbon and gaseous oxygen and hydroga 
would be the heat of the reaction 

12C+22H+ 110 = C12H22O11+ ? 

^oblem 4. — Compute the heat of this reaction from the reactions gn« 
above. Compute also the heat of formation of liquid benzene, CeHt, fn* 
its elements. From these two examples formulate a general rule for cakf 
lating the heat of formation of a compound of C, H and O, from itsheittf 

« (Hans Peter Jiirgen) Julius Thomsen (1826-1908). Professor i 
Chemistry in the University of Copenhagen. The results of his exha# 
ive thermochemical studies are embodied in his Thennockemische LW 
suchungen, 

^ (Pierre Eugene) Marcellin Berthelot (1827-1907). The son of » 
physician. Professor of Chemistry, first at the Ecole Sup^riore de ?^ 
macie, and after 1865 at the College de France. His extensive researches^ 
chemical equilibrium and thermochemistry are embodied in his Medvai^ 
Chimique published in 1879. He is buried in the Panth6on. 
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combustion. Heats of combustion are comparatively easy to measure and 
through them it is possible to calculate the heats of many other reactions 
which cannot be directly measured. 

Problem 6. — From the heats of combustion of ethyl alcohol and acetic acid, 
respectively, 

C2H5OH+6O = 2CO2+3H2O+325,700 (28) 

CH8COOH+4O = 2CO2+2H2O+209,400 (29) 

calculate the heat of the reaction 

C2H50H+02=CH3COOH+H20+? 

4. Heats of Precipitation and of Neutralization. — 

Problem 6. — ^The following thermochemical equations are true (Ac = the 
acetate radical, CHsCOO): 

HClag+ AgNOaag = AgCl +HN08a7+ 15,800 (30) 

KClag+ AgNOaag = AgCl+KN03ag+ 15,800 (31) 

NaClag+ JAg2S04ag = AgCl+ JNa2S04ag+ 15,800 (32) 

§BaCl2ag+ AgClOsag = AgCl+JBa(C103)2ag+ 15,800 (33) 

CsClag+ AgAcag == AgCl +CsAcag+ 15,800 (34) 

Explain in terms of the Ionic Theory why the heat of reaction is the same f ot 
all of the above reactions. 

Problem 7. — The heat of neutralization of HCl by NaOH in dilute 
solution is expressed by the thermochemical equation 

HClag+NaOHag = NaClag+H20+ 13,700 (35) 

By means of the Ionic Theory predict the heat of the following reaction, 

LiOHag+HNOsag =LiN03ag+H20+ ? 

Problem 8. — When 10 liters of O.ln HCl are mixed with 10 liters of O.ln 
NaAc (both at 18°), the temperature of the mixture rises 0.0150®. On the 
assumption that the specific heat capacity (X, 2) of the solution is equal to 
unity, calculate the heat of the reaction. What is the heat of neutralization 
of NaOH by HAc in O.ln solution? 

(Suggestion: Write all reactions in the ionic form as regards the strong 
electrolytes (Cf. XVII, 3).) 

6. Heat Effects at Constant Volume and at Constant Pressure. 
— When a reaction takes place at constant volume, the heat 
effect (Hvy cal. evolved) which accompanies it is by definition 
understood to be the heat-of-the-reaction (XIX, 1). When a re- 



CHAPTER XX 

THE HEAT CAPACITY AND INTERNAL ENERGY OF 

MATERIAL SYSTEMS' 

General 

1. Heat Capacity at Constant Volume and at Constant Pres- 
sure. — When a substance is heated at constant volume, no exter- 
aal work is performed during the heating, but when the heating 
bakes place at constant pressure, the substance expands and 
hence does a certain amount of work both against the external 
pressure (X, 5) and against the internal attractive forces. The 
amounts of heat required in the two cases will, according to the 
First Law of Thermodynamics (X, 4), differ from each other 
simply by the amount of external work done in the second case 
plus the change in internal energy which accompanies the volume 
increase; and the following relation connecting the specific heat 
capacity (definition, X, 2; frequently shortened to "specific 

heat") at constant volume, <^v{— \^) )> with that at con- 
stant pressure, Cp{= [sTm) )y is readily deducible from the two 
laws of thermodynamics (see Appendix, 17) : 

which may also be written 



Cp 



Ta 



2 



Cp--Ct, = -^ (16) 

where "(~~{5^) ) ^^ the coefficient of cubical expansion, 

i3( = \>r~) ) *^^ coefficient of compressibility, and D the 

density of the substance per cubic centimeter, all at the absolute 
temperature T. The specific heat capacity at constant pressure 
is ordinarily the only one which can be conveniently determined 
calorimetrically, and hence equation (1) is especially important 

245 
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■*»tw? -^Ai'^ :i:«aable the exact calculation of the value for 
ii?*.si^!L "luim*. T'ne product of the specific heat capacity into 
*\jk\, •^virj.v.'^ -.Teight is called the molal or atomic heat 
-.Liu vTii :e designated similarly by the symbols Cp and 



' ti 



-t -%n^tir*i%jti yfM low temperatures Nemst and Lindemann* 
-•, •:»*. ■?« ,\LOwing approximation form of equation (16) is 
^..^♦*..iiiv vKC :*or solid substances: 

Cp = C,+AC,^T (2) ^ 

.^v. s. t ;\uistant, characteristic of the substance and inde- 

^„. »i*. i " vud which can therefore be evaluated from any pair 

•.vi^^ ** ' . iukI Cv The constant A is also approximately 

...^ ■ » ,r . where Tp is the absolute melting point of the 

v^^st^M* .: . t'or rtlmuinium at 0** the following values have been obtained: 

».,^ .U.. i« -tW.-t'lO'"* per deg., /3 = 1.3-10"* per megabar, and , 

s..*,iui |K>i l^c. Calculate c in cal. at 0®. Calculate also the differ- 

. IV hK)"*. (Note: The bar is the unit of pressure in the 

o »i* »n. tiii'Ka - 10*. Refer to the concluding sentence of X, 3, 

\ :»^ ! III.. |)lol>U'in.) 

^x .s\'«u * v'^ Slu)W that for a perfect gas, equations (la) and (16) 
:u toiiii 

t\-C, = R (3a) 

. . . ii, L'.a.. roiistiiiit. (6) Show that for a gas which obeys Be^th^ 
..,...» ..I ji.iiitf 1,11, lO/>), equation (lo) reduces to 

(v-c„=A>[i+4x2-^f-'] m 

. ^ .•*!,.. u I. »t.v imMusuriiig the velocity of sound in a gas the value of the 

' .... Ill ii- ^.w i-iiii be directly determined. In this way the specific 

ft 
.... 1... ,..M,.n jit 19^ has been found to be ;r = 1-666. Calculate 

,,. i i . liii I hi."! t^us. 

,1 4<......ii Ihuuiies of Energy Absorption.— The systematic 

s,y, ui. .iM.iD t»l .i|H'i'itK' heats at low temperatures carried out 
' ' .1^ II... |.,v>l ti vi'iii>< largely by Nernst and his associates at 

i.tt \ l.iu.liMn;uiii. Investigator at the Institute for Physical 
il II... riiivi»oii> of Berlin. 
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)he University of Berlin have resulted in an extensive modifica- 
jion of former theories concerning heat capacity. Most of the 
•ecent attempts at a quantitative theoretical interpretation of 
ihese new results have been based upon a theory first advanced by 
Planck* and known as the ''quantum" theory." The develop- 
aaent of this theory has given rise to several distinct kinds or 
varieties of "quantum" theory which are not entirely consistent 
with one another and none of which have as yet attained a very 
sharply defined character, although all of them contain the 
C5onimon element of assigning to radiant energy a discontinuous 
or atomic character of some kind. As applied by Nernst and 
others in the domain of specific heats the "quantum" theory is 
based upon the hypothesis that the molecules of a material sub- 
stance do not absorb heat energy in a continuous manner but 
rather in discrete units or quanta. 

In spite of the very considerable degree of fruitfulness which 
the quantum theory in its varied forms has had in several 
branches of physics, it is in many ways so indefinite, so difficult to 
conceive, and so unsatisfactory that it seems undesirable — and 
it is fortunately unnecessary — to attempt to employ it at the 
present tinie in interpreting for the beginner the known facts con- 
cerning heat capacity. We shall, therefore, base our presenta- 
ion of the subject upon the older principle of the equipartition 
>f energy, as modified by what may be termed the constraint 
Zjpothesis, This method of interpreting the known facts con- 
^rning heat capacity has recently received elaboration at the 
^^nds of Sir. J. J. Thomson,* G. N. Lewis® and others. It 
^ a qualitative interpretation only and does not appear to be 
^^cessarily inconsistent with some kind of a "quantum theory," 
•Xthough its purpose is to render unnecessary the use of such a 
fcieory. 

Fluids 

3. Monatomic Gases. — When heat is absorbed at constant 
'"olume by a monatomic (I, Ic) perfect gas, the only effect which 
Ve should expect is an increase in the mean translatory kinetic 
Energy of the molecules of the gas. There is apparently no other 

« Max Planck. Professor of Mathematical Physics and Director of the 
loistitute for Theoretical Physics of the University of Berlin. 



248 PRINCIPLES OF PHYSICAL CHEMISTRY [C^ap.H 

way in which the heat energy could be absorbed by such a gas, if 
we exclude the possibility of affecting the energy condition on tk 
interior of the atoms or their rotational energy. On this hypothe- 
sis the molal heat capacity, C«, of a monatomic gas can be eaalf 
calculated with the aid of the kinetic theory, in the fdlowing 
manner: 

For one mole of any perfect gas the total translatory kinetie 
energy, E^, possessed by its molecules, amounts according to 
equation (29, II) to 

Eu = ^mu^^ytT (4) 

and if we add dQ calories of heat to the gas, thus causing its tem- 
perature to rise AT degrees, we would have for a manaUnnie gas at 
constant volume 

AQ=^AEu=\RdT (5) 

and hence, by definition, 

<^-(lf).-i« « 

3 

or in words: Cv for a monatomic perfect gas is equal to ^R and 

is hence independent both of the nature of the gas and of its 
temperature and pressure. The experimental verification of this 
prediction was one of the earliest triumphs of the kinetic theoiy. 
Experiment has shown that for all monatomic gases C»=2.9S 
cal. and in the case of helium, where the experiments have covered 
a wide temperature range, the value of C« has been shown^ to bf 
the same at all temperatures within the range -- 256° to 2350**. 

From equations (3a) and (6) it is also evident that for all mon- 
atomic perfect gases 

5 

2 
and 

^ = ^ = 1.666 (S 

At extremely high temperatures it is of course conceivable thit 
some of the electrons within the atoms of a monatomic gas v^ 
have their kinetic and potential energy (intra-atomic kinrf^ 



C^ = -/e = 4.96cal. (i\ 



\ 
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energy, Cf. X, 2) appreciably increased by the extremely short 
and violent impacts which take place between the atoms of the 
gas at these high temperatures. If such were the case, then 

evidently the value of Cv for a monatomic gas would become 

3 

greater than ^R, No temperature great enough to bring this 

about has as yet been attained in practice, however. 

4. Diatomic and Polyatomic Gases. — Consider a perfect gas 
whose molecule is composed of n atoms. At a sufficiently low 
temperature these atoms will be held together so firmly by those 
forces which we call chemical affinity that the molecules will 
behave like perfectly rigid elastic bodies when they collide with 
one another. That is, the comparatively small force of the mo- 
lecular impacts at very low temperatures will not be sufficient to 
produce an appreciable effect upon the positions of the atoms 
within the molecule, relative to one another. Moreover if the 
temperature is low enough, especially if as in the case of hydrogen 
the atoms have comparatively small masses, the mbment of 
inertia of the molecule around its center of inertia will be so small 
that very little of the heat energy added to the gas would go 
toward increasing the rotational energy of its molecules.* In 
the neighborhood of the absolute zero, therefore, we might 
expect a polyatomic gas to behave like a monatomic one and we 

would thus have 

3 
Cv = ^R (as T approaches zero) (9) 

As the temperature of the gas rises, however, the force of the 
impacts between the molecules gradually increases as the mole- 
cules move faster and faster. This force will eventually begin to 
affect the atoms within the molecule causing them to get farther 
apart with a consequent weakening of the forces holding the 
molecule together and an increase in the moment of inertia 
of the molecule. The energy of rotation of the molecule as a 
whole will therefore increase and the heat capacity of the gas will 
rise. At still higher temperatures the atoms within the molecule 
will begin to vibrate with wider and wider amplitudes, and thus 
more and more heat will be absorbed in molecular rotation and in 
intra-molecular vibration. Polyatomic gases are thus char- 
acterized by a constantly increasing heat capacity with rise in 
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temperature. Eventually the temperature will become so great 
that the molecules will begin to be broken up into their constit- 
uent atoms, so powerful will be the force of the collisions^ and 
an appreciable fraction of the molecules will be in this dissociated 
condition all of the time. In other words, we now have a chemical 
reaction to deal with and heat added to the gas will not only be 
absorbed in increasing molecular and intra-molecular motions 
but will also be in part absorbed by the chemical reaction which 
is taking place. The '^ apparent heat capacity" will therefore be 
a complex quantity, and to obtain what we shall call the "true 
heat capacity" of such a gas we shall have to subtract from the 
total heat required to raise the temperature of the gas 1* 
the amount of heat absorbed by the chemical reaction which 
accompanies this rise in temperature. As we go on increasing the 
temperature the "true" heat capacity evidently keeps on increas- 
ing owing to the fact that the number of molecules is increasing 
all the time due to the progressive dissociation of the gas. Even- 
tually practically all the original molecules will be split up into 
their constituent atoms and Cv (true) will therefore approach the 

3 

upper limit, ^nR caL 

To sum up then, for every polyatomic gas in the neighborhood 

3 
of the absolute zero we should expect to have Cv = o^- As the 

temperature rises C» will increase and will eventually approach 

3 

the upper limit, Cv (true) = ^nRj where n is the number of 

atoms in the molecule of the gas. This maximum temperature 
will be the higher the more stable the gas. 

As an example of this behavior the values of C» for hydrogen 
(H2) may be cited. Between 35° and 60° absolute, Eucken* 
found^ Cv for this gas to be constant and equal to 2.98 cal., that is, 

3 

equal to ^R, as in the case of monatomic gases. Hydrogen is the 

only gas which has been found to show this behavior at low tem- 
peratures. With other gases Uquefaction intervenes and prevents 
the study of the gas in the neighborhood of the absolute zero. 
Above 60° absolute, C» for hydrogen rises, at first fairly rapidly 

' Arnold Eucken. Privatdozent in Physical Chemistry at the University 
of Berlin. 
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r and then more slowly, attaining the value 4.77 cal. at 0° C. 
- From here on, the measured (i.e., ''apparent") values of C, 
:- increase in accordance with the equation^ 

C. =4.51+0.00097 (10) 

^ up to the highest temperature (2000° C.) for which we have reli- 
1 able measurements. In order to obtain the "true" value of C„ at 

high temperatures it is necessary, as explained above, to subtract 
t from the "apparent" value the heat required for the chemical 

reaction H2 = 2H. Specific heat measurements with hydrogen 

: have not been carried to the very high temperature necessary to 

3 

' reach the Umiting value C„ ("true")=2X2^ = 3ie = 5.96; but 

in the case of iodine vapor (I2) the dissociation into I atoms is 
known to be practically complete at 3000° and Bjerrum'' has 
shown® experimentally that above this temperature the value of 
Cv is in fact equal to approximately 6 cal., as required by theory. 

Problem 4. — According to Langmuir* [Jour. Amer. Chem. Soc, 37, 441 
(1915)], the heat of formation of hydrogen gas (Ha) out of atomic hydrogen at 
constant pressure is Hp =90,000 cal. per mole at 3000** absolute; and at 

2300° absolute the dissociation constant for this reaction is =Kp = 

0. 16 when pressure is expressed in millimeters of mercury, (a) Assuming 
that Up varies with the temperature in accordance with the equation Kp = 
Ho-\-Tf where Ho is an integration constant, calculate the degree of dissocia- 
tion, a, of hydrogen at 1000**, at 2300**, and at 4000** absolute. (Cf . XIX, 5, 

da 
and equations 45 and 55, XXII.) (6) Derive an expression for -Tm (for 

P = const.) in terms of Hp, a and T. (c) Show that about 2.7 cal. of the 
''apparent" molal heat capacity of hydrogen at 2300° absolute is due to the 
displacement of the dissociation equilibrium, (d) Show that the "true" 
molal heat capacity of Hi gas at 2300° absolute would be Cv = about 4 cal. 
(e) At what temperature would the limiting value Cw = 5.96 cal. be attained 
(within 1 per cent.) in the case of hydrogen, (1) as to the "true" heat 
capacity of the gas, and (2) as to the "apparent" heat capacity of the gas? 
In all of the above calculations assume that P= const. = 760 mm. 

[Note : The solution of this problem should not be undertaken until the 
study of Chapter XXII has been completed.] 

« Niels Bjerrum. Since 1914, Professor of Chemistry at the School of 
Agriculture in Copenhagen. 

* Irving Langmuir (1881- ). Research Chemist for the General 

Electric Co., Schenectady, N. Y. 
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VII, 1), heat motion in a crystal at ordinary tempera- 
sists in an unordered oscillation of the molecules about 
ters in the crystal network. In the neighborhood of 
ite zero the amplitudes of these oscillations will become 
ly small and at the absolute zero the oscillations would 
cease entirely. Near the absolute zero, therefore, a 
Lould behave like a perfectly elastic body even toward 
' impacts from the outside, that is, its constituent mole- 
Id be so firmly bound together by the enormous crystal 
it the comparatively slight thermal impacts which at 
temperature the crystal could receive from the outside 
b be powerful enough nor quick enough to set the indi- 
3ms into a state of unordered oscillatory motion. In- 
whole crystal would behave Kke one large molecule and 
way it could respond in any appreciable degree to 
impacts from the outside would be by vibrating as a 
the way an elastic body does when it is struck. Heat 
'sorbed by a crystal in the neighborhood of the absolute 
Id therefore practically all be used up in setting the 
to a state of compressional and distortional vibration. 
ie aid of the theory of elasticity it should therefore be 
o deduce the relationship which connects heat capacity 
Derature for solid substances in the neighborhood of 
ite zero. This has in fact been done^^ by Debye" and by 
)y two different methods of reasoning both of which 
le result that 

c« = const. X ^3 (12) 

C, = 71.9X^ (13) 



, the heat capacity is proportional to the cube of the 
temperature, the proportionality constant being char- 
of the substance. Equation (13), the form given by 
simply equation (12) written for one mole of the sub- 
d with its proportionality constant spUt for convenience 
parts, the part $ having the same dimensions as T and 
laracteristic constant for each substance. The value of 

)ebye (1884- ). Since 1914, Professor of Physics at the 

of Gottingen. 
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In Fig. 36 the graph of equation (1 



whown, taking Ct, and T^ aa the variables and using for 
Vftlll^^^ indir;atf;d. In the same figure the observed values of < 
i'.M\Hm and for ahiminium are also given. The causes c 
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. departure of the Cv values from equation (13) after a certain tem- 

: perature is reached will now be considered. 

(6) Intermediate Temperatures. — As we continue to heat the 

\ crystal, its molecules will at first slowly and then more rapidly 
begin to absorb some of the energy and to vibrate or oscillate as 
individuals in a random fashion about their centers in the crystal 
network. As soon as the amount of energy absorbed in this 
manner begins to become appreciable, equation (13) will evi- 
dently cease to hold, since it was derived on the assumption that 
no heat is absorbed in this manner. Moreover, the more power- 
ful the crystal forces, and the smaller the mass of the molecules, 
the higher will the temperature have to be before the individual 
molecules can attain such oscillation frequencies that their ki- 
netic energy of oscillation begins to be appreciable, for the kinetic 
energy of an oscillating body is proportional to its mass and to the 
square of its oscillation frequency. With a substance such as 
caesium or lead which is soft and easily compressible and has a 
comparatively low melting point (Pb, 327° and Cs, 26°), the 
crystal forces must evidently be rather weak and hence its atoms 
can be set into random oscillation at a very low temperature and 
since furthermore they are very heavy atoms (see Table I), the 
energy which they can absorb in this way will be comparatively 
large. We see, therefore, why, in the case of a substance such as 
lead, we should expect deviations from equation (13) to appear 
very soon. In fact no measurements have been made with lead 
within the small temperature region ( r> 8°) where we could expect 
equation (13) to hold. The characteristic constant, Oj in that 
equation is evidently closely connected with the strength of the 
crystal forces and with the mass of the atoms of the crystal; in 
fact it varies directly with the former and inversely with the 
latter of these quantities. 

On the other hand, in the case of a crystal such as the diamond, 
where we have extreme rigidity coupled with a very high melting 
point, the crystal forces must evidently be very powerful, and this 
fact coupled with the small mass of the atoms evidently requires 
that a fairly high temperature must be attained before the 
energy absorbed by the random oscillation of these atoms can 
begin to be appreciable. This accords with the fact that is 
very large and hence that equation (13) holds fairly well for 
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3 

Eit = ,^RT '!aL per mole (14 

In arid it ion to it a kinetic energy a body oscillating about acen- 
U'X poftHeftfleft potential energy X, 1, also, that is, if the body were 
Kiiddf^nly stopped in any part of its orbit, it would then fall into 
its oj'jxU'X of attraction and on reaching this center would attain 
Hiich a v^ilocity that its kinetic energy would be the same as that 
whir^h it poftsessed when moving in its orbit of oscillation. Po- 
t^mtial f-rif^rgy and kinetic energy are therefore, on the average, 
^•qrjal in the case of a body oscillating about a center and hence 
for the total thermal energy, Et, of N such oscillating molecules 
wf! would have 

Et = 2Ek = SRT (15) 

and hence by definition 

C\ = -j^ = SR = 5.956 cal. (16) 
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' That is, with increasing temperature the atomic heat capacity (at 
_ constant volume) of every pure monatomic crystalUne substance 

approaches the limit SR or 5.956 cal. 

In the case of most of the elements which are solids at ordinary 
' temperatures (the exceptions are those of low atomic weight and 
'high melting point such as carbon, boron, and glucinum), Cv has 

attained the average value 5.9 + 0.1 cal. even at room tempera- 

- ttires.^^ Similarly for the same elements the values of Cp do not 

- differ from 6.2 cal. by more than 0.2, on the average, so that even 
-* for specific heats at constant pressure and at room temperatures 
^ the product of specific heat and atomic weight is approximately 

a constant for nearly all the solid elements. This striking regu- 

- larity was noticed in 1819 by Dulong" and Petit* and is known as 

- Dulong and Petit's Law. It has been of considerable assistance 
in determining atomic weights in some instances. 

^ Problem 6. — ^A certain element was found to combine with chlorine in the 
ratio of 1.376 parts to 1 part of chlorine and the specific heat capacity of the 
solid element was found to be Cp — 0.032 cal. per gram. Calculate an 
exact value for its atomic weight. 

id) Very High Temperatures. — We have seen (XVI, 2) that in 

xnetals there appear to be considerable numbers of electrons which 

a.re in a comparatively free condition, since they are able to pass 

from atom to atom within the crystal under the influence of an 

E.M.F. In the case of a metal with a fairly high melting point, 

such as platinum for example, we might therefore expect that 

at high temperatures the state of motion of the electrons would 

begin to be affected by the violently oscillating atoms and that 

considerable numbers of these electrons would consequently 

undergo an increase in their amplitude of oscillation, or their 

velocity of translation among the molecules, or both. If this 

should occur the value of C» should then rise above the limit 

C^ = 3iJ = 5.956 cal. 

Direct experimental confirmation of this conclusion is rather 
diflScult to obtain owing to the fact that the necessary values of 
a and j3 in equation (16) are not readily measured at high tem- 

« Pierre Louis Dulong (1785-1838). Professor of Physics at the Poly- 
technic School in Paris. 

* Alexis Th^rdse Petit (1791-1820). Professor of Physics at the Poly- 
technic School in Paris. 
17 
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p#»^kCixr!si. C/)rbmo,* who has auasixred c, fni niii^siin ii TTflfT 
«iiumac#» Ct 1:0 ?je as laret as 7 J^ caL as dis iMiiii£^i^.Mt.m p "» aid 
^)«ifa]ibel^ fizuia C, for iron 1:0 be 7^ caL as aW. HBiIi> t£ni|im 
tnn^dattan^, bowt^r*^, at prgggit too fea gmrrrftar 1 and HncertMi 
to jnstif J an7 p»ftral f»adii^aDS. 

7. Tbe Coinplete Heat Caipai Hj Casie of a CijalaL (^ 
G^Mfal F eafnrf . — We have dLacoaaed »pazaseiy the three per- 
tior» of the h^at t^apaeity carves for Tcry low temp ^tratureft , nr 
intermediate temperattcres and for hi^ tempenatores. lespen- 
iv^y. The eharacters of the complece C^T curve fw s 
nnmher of sabstances are shown in Fig. 37. For soft cooipfes^ 
ibie mibistaDcesi with heavy atoms and k>w mating points land 
consequently with small values of 9) the initial flat portion of tk 
curve is, very short and we have a very rapid rise to the final fiat 
portion where C, L<! nearly constant and eqoal to 5.9. Thus this 
value is reskched in the case of lead (see Fig. 37) at as low a tem- 
perature as (=— 50**. 

As the mass of the atoms decreases and the nidting point lise^ 
$ increases and the character of the C^T curve changes is | 
shown in the figure, the initial flat portion increasing in length, the 
HuF/s^^^uent rise becoming more gradual and the value C»=5.9 
U;ing attained only at higher and higher temperatures. Thus for 
silver C, does not reach 5.9 cal. until ^ = 240**, and for aluminium 
t must be 760"* tefore this value is attained. In the case of carbon 
it is not attained at any temperature within the range covered by 
the measurements and calculation indicates that the necessary 
temfKjrature would lie above the melting point of this substance. 

(b) The Equations of Debye and of Nemst-Lindemann.— For 
monatomic crystals, Debye^^ with the aid of a "quantum" 
theory (XX, 2) and other auxiliary hypotheses has derived i 
general quantitative relationship connecting C» with T. This 
rcjlationship contains only a single arbitrary constant, the cod- 
Htant already referred to. The curves drawn in Fig. 37 are the 
graphs of the Debye function employing the values of 6 indicated. 
Th(; points indicated by the centers of the circles are obsened 
values of Cv for the three substances indicated. The close con- 
cordanee between the positions of these points and the graphs of 
tlie Debye function indicates that the latter is capable of repre- 

■ OrHo Mario Corbino. Professor of Physics at the University of Rome. 
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~ senting very closely the variation of C» with T for these 
; substances. 

: The complete equation of Debye is too complicated to repro- 

: duce here, but for all temperatures above T = O.SAd (and with 

the exception of such elements as carbon, boron, and glucinum 

r this means practically for all temperatures above t= — 150°) 




25 50 75 100 
T ^ 
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Fig. 37. — Illustrating the temperature variation of the atomic heat capac- 
ity of crystalline elementary substances. The circles represent observed 
^values of Cv The curves are graphs of Debye's complete equation, using 
"the values of $ indicated, and are drawn without reference to the positions of 
the observed points. 



it may be replaced without error greater than 1 per cent, by the 
following empirical equation of Nernst and Lindemann :* 



Cv = 2^ 



(1)'^^ . Q 



2 J_ 

e2T 



J^eT-iy [e^'^-l)\ 



(17) 



in which e is the base of the natural logarithms. This equation 
evidently contains only one constant which depends upon the 
nature of the substance, namely, the constant 6 whose significance 
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we have siresAj discosBcd, and eren this eonstanfc cm be at 
ciliated with sufficient exactness for many paipoBes bam tb 
atomic weight A, the denaty Z>, and the abaohrte rndtiiie poiii 
TV of the substance by means of the fcdlowin^ equation demri 
bylindemann:^ 

8. Atomic Wei^ and Specific Heat Capacitj. — ^The calculi- 
tion of atomic weight A from specific heat data with the aid of 
Dulong and Petit's Law was iUustrated by problem 5. For 
elements with large values of $ and for which Dulong and Petifs 
Law does not hold with sufficient exactness at ordinary tenq)en- 
tureSy a more exact result can be obtained by employing the 
Nemst-Lindemann equation and evaluating the constant I 
either by determining two values of c,, one at ordinary tempen- 
tures and one at a very low temperature, or by calculating I 
in terms of A by means of equation (18). Thus for aliunm- 
ium (cv= 0.200 at 0^) we obtain from the Nemst-Lindemann 
equation A = 26.8, while Dulong and Petit's Law in the fwm 
Cp = 6.2 gives 31 and in the form C» = 5.9 gives 29.5, the cor- 
rect value being 27.1. 

9. The Heat Capacity of Compounds and the Rule of Kcfpf.- 

At ordinary temperatures the molal heat capacity {Cp) of a solid 

compound is approximately equal to the sum of the atomic heat 

capacities of its constituent elements. This statement is known 

as the rule of Kopp.* In employing Kopp's rule the value C,= 

6.2 should be employed as the average value for all the elements 

which at ordinary temperatures conform to Dulong and Petit's 

Law. For those which do not so conform and for those which in 

the free state are not solids at ordinary temperatures, individitfl 

values of Cp calculated from solid compounds containing the 

elements should be used. Thus suppose we wished to calculate 

the specific heat capacity of anhydrous CUSO4. For Cu we couM 

take Cv = 6.2. Sulphur does not conform to Dulong and Petit's 

Law, however, and oxygen is not a solid at ordinary temperatures- 

From a study of the heat capacities of various solid compounds 

containing these elements it has been found that in such com- 

• Hermann Kopp (1817-1892). Professor of Chemistry at the Univeiaty 
of Heidelberg. 
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: pounds these two elements appear to have on the average the 
r following atomic heat capacities, for oxygen Cj,=4 cal. and for 
E sulphur Cp = 5.4 cal. For the specific heat capacity of CuS04 
s we would therefore have 

6.2+5.4+4X4 27.6 
^^"" 64+32+4X16" 160 "'^ 

A still better procedure, however, would be to base the calcula- 
r. tion upon an observed value (if such were available) of Cp for 
" some analogous compound. Thus Cp for ZnS04 has been found 
" to be 0.174 cal. and hence for one mole of ZnS04 we have 

Cp=0.174(66+32+4X16) = 28.2 cal. 

and this must also be the value of Cp for CUSO4 since Cu and Zn 
both obey the law of Dulong and Petit and hence have the same 
value for Cp. Hence for CUSO4 we would have 

Cp=ir^ =0.176 cal. 
160 

Problem 6. — What is the specific heat capacity at constant pressure of 
Ag20, of^CsBr, and of RbB02? Consult Landolt-Bomstein, 4th Ed. for the 
necessary data. 

Problem 7. — ^The oxide of a certain jnetallic element contains 82.71 per 
cent, of the element and has a specific heat capacity at constant pressure of 
0.0805 cal. What conclusion can be drawn respecting the atomic weight of 
the element? 

Heat Capacity and Reaction Heat 

10, Constant Pressure Processes. — Consider any physico- 
chemical system in a state or condition which we will call a, 
the initial condition. Let the temperature and total pressure on 
the system be kept constant. Now suppose some isothermal 
process or processes (either chemical or physical, or both) to 
take place within the system, whereby it is transformed into a 
new condition which we will call b, the ^naf condition. The reac- 
tion or process which takes place will be represented by a— >b. 
The heat evolved by the system as a result of the reaction, a— >b, 
we will call the heat eflfect, Hp, of the reaction. (Cf, XIX, 5.) 
The magnitude of the heat eflfect of a given isothermal reaction 
in a given system depends in general upon the temperature T at 



>st:^rr^^L£jf jF ^sTiZrZAZ. c^sxismsr c^n 






^*/% v^tTT'^r. tci^ initial aari the 5nal TotooMS r«5pecsr7«[j <x:v 
i»7*r^rri, I* thftr^f orr foCow? from eqassififL I. X^ -shac (2^ i 
h^^:^": n/^^/r^-^A 'iir.TJZ *rie ^hac^, is also izidepauiaEC oc ^ war 

HappTi^^ the >7»xeni in q^iesroon <4MngFy tnxn the izusial ^asst 
A at rhe v^riperar/ir<; T to the Seal state b at tiie mnpe t au g 
T-^dT. Tcibt change can occtir in two ways: 

^\, Tiie naur.Lon. a— i«. maj take {dace at the t emp er n uff 
T and the re^ihing *y^em may then be heated from Tm 
T-^dT. The total heat absorbed in this proceas woald be 

whf^f: Up Isi the hfrat effect of the reaction at the temp^atuff 
T and Cp in the total heat capacity of the system in the fins! 
Htate ft. 

^2) The HyHU'jfi in the 5»tate a may first be heated from T to 
7' f-dT and the reaction, a— ►b, may then take place at the 
t^rrnperature T+dT, The total heat absorbed in this proceas 

would be 

Q. = C,^AT-{.Hp+^dT) (20) 

when; Cp^ is the heat capacity of the system in the initial states 

Bui Hincc; Q m independent of the manner in which the chanp 
Ih brought about, we have Qi=Q2, and therefore 

-'J,^- = C,^-C,,=AC' (2i; 

wlier(? A^/p iH evidently the increase in heat capacity (at constant 
pr<wHure) of the system which accompanies the reaction a— »b. 
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Problem 8. — Integrate equation (21) on the assumption (1) that 
_d^^=0and(2)that^>=0. 

Problem 9. — Calculate ACp for the chemical reaction 2H2H-Oj=2H20, 
at room temperature, taking the necessary specific heat data from any suitable 
source. With the aid of equation (26, XIX) calculate Hp and also JET, 
( = — Al7) for the above reaction at 100**. 
" Problem 10. — The specific heat capacity of ice is Cp =0.50 cal. per gram 
and its heat of fusion at 0** is 79.60 cal. per gram, [ja) Show how equation 

- (12, XIX) is obtained from these data. (6) The heat of sublimation of 
ice is almost independent of the temperature. Compute the specific heat 

. capacity, Cp, of water vapor at 0°. 

11. Constant Volume Processes. — For a constant volume proc- 
j ess, the work performed against the external pressure is evi- 
dently zero (X, 5). 

Problem 11, — Show by means of thermodynamic reasoning that for any 
process not involving electrical work 

^^ = C.,-C.j==AC. (22) 

where ACv is the increase in the heat capacity of the system (at constant 
volume) which accompanies the change in its condition. 

Problem 12. — Calculate -^^^ — ^~dT~' ^^^ *^® reaction CC+O^CUi 
at 2000**. (Cf. problem 10, XIX, and problem 11, above.) 

The Internal Energy of Gases 

12. Perfect Gases. — ^Let us consider one mole of any perfect gas 
at the temperature T and pressure pi and endeavor to discover by 
thermodynamic reasoning the increase, AU, in the total or internal 
energy j U, of our gas, which occurs when the gas is allowed to 
expand isothermally from pi to some other pressure p2. If it 
expands reversibly, that is, against an appUed external pressure 
substantially equal at every moment to the pressure which it 
itself exerts, it will perform the maximum amount of work and 
this amount will be by definition (X, 9) the free energy, A , of the 
expansion process. From equation (2, X) we have dW = pdv 

and hence 

RT 
dW,n,^ = pdv=^dv = RTdlog.v (23) 

^""^ A = Pr„„= j pdt; = i2riog.-' (24) 
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from wfaieh by diff »eiitiatnis with respect to T we obtim 



Comtaning this with the Second Law eqoatiafi (11, X), we find 



whence 

Q=^=ir«„ (27) 

and 

Ar=0-Tr«„=0 (28) 

<»' stated in woitis: 

7%^ internal energy of a jperfeet ga» is independent of Us pre*- 
eure or volume. When the gas e^>ands laothemuJIy withoot 
d<Mng work it neither absorbs nor erc^Tes tjxy heat, but if it 
does any work during its expansion, it then absorbs an amount 
o€ heat exactly equivalent to the work which it performs. This 
result was discovered empirically by Gray-Lussac and by Joule.' 
It is also one of the conclusions yielded by the kinetic theoiy of 
gases. 

Problem 12. — With the aid of equation (22) demonstrate that ikehui \ 
capacity (at constant volume), C«, of a perfect ga8y is independent of its jfret- 
ture or volume. Is this also true for C,? 

13. Gases under High Pressures. The liqnefactioa d 
Gases.^ — When a gas under a high pressure is allowed to 
expand without doing work, some energy will be used up in 
separating the molecules against the attractive forces which exist 
between them (Cf. II, 10a), and if no heat is allowed to flow into 
the expanding gas, that is, if the expansion takes place adioMr 
icaUyy the temperature of the gas will fall, provided its initial 
temperature is below a certain characteristic value known as the 
inversion point of the gas, the position of which varies with the 
pressure on the gas. This cooling effect (known as the " Ja«fe- 
Thomson^ effect**) j which is zero in the case of perfect gases and 
very small for gases at moderate pressures, is frequently of con- 
siderable magnitude for gases under high pressures (see Table 

" James Prescott Joule (1818-1889). An English brewer. 
* See footnote a p. 24. 
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XXVI) and it is employed technically for the liquefaction of 
gases in machines of the Linde and Hampson types. 

Table XXVI 

The Joule-Thomson effect for air, at the initial temperature t and the 
initial pressure P, when allowed to expand to a pressure of one atmosphere. 
At = temperature fall in degrees. 

Bradley and Hale, Phys. Rev., 29, 258 (1909) 



t 


P-68 


P-102 


P«136 


P-170 


P-204 atm. 


t 


At 


At 


At 


At 


At 


0° 


17. 1** 


25.0° 


32.6** 


39.4*' 


44.6** 


- 10 


18.7 


27.4 


35.6 


42.6 


48.2 


- 20 


20.3 


30.0 


38.7 


46.0 


52.1 


- 30 


21.9 


32.7 


42.1 


49.7 


56.4 


- 40 


23.8 


35.7 


46.0 


54.0 


61.1 


- 50 


25.8 


39.0 


50.4 


58.7 


66.4 


- 60 


28.2 


43.0 


55.5 


64.2 


72.5 


- 70 


31.6 


43.8 


61.8 


71.0 


79.5 


- 80 


35.4 


54.9 


69.5 


79.6 


88.2 


- 90 


40.2 


63.4 


79.5 


91.6 


99.2 


-100 


47.4 


74.3 


92.8 






-110 


57.2 











The cooling effect which accompanies the adiabatic expansion 
of a gas which does work during its expansion is much greater than 
the Joule-Thomson effect and, as we have seen in the preceding 
section, occurs even in the case of perfect gases. The technical 
appUcation of this larger cooling effect to the liquefaction of 
gases was for a long time prevented by mechanical difficulties, 
but these were eventually overcome and the Claude liquid air 
machine makes use of this principle. The technical applications 
of these two principles in the Hampson, the Linde and the Claude 
machines are illustrated diagrammatically in Figs. 38 and 39, 
respectively. 

In the Hampson and the Linde" machines the air, previously 
purified, compressed and cooled, enters the machine through the 
central tube T of a pair of concentric worms and on reaching the 
expansion valve M expands suddenly and is cooled as a result of 
the Joule-Thomson effect. The cold air then passes out through 

" K&tI Paul Gottfried von Linde. Professor of Thermodynamics at the 
Institute of Technology in MUnich. 
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es into the expansion chamber, i), of an air-engine, either a 
Ine or a piston machine similar to a steam engine. Here it 
nds and does work in driving the engine and as a result 
jrgoes a correspondingly large fall in temperature, about 95 
;ent. of the heat loss representing the energy supplied to the 
le and the remaining 5 per cent, being due to the Joule- 
nson effect. The cold air then passes up and around a 
)f tubes L similar to a boiler and connected with the feed 
ly as indicated. The air in these tubes is cooled by the 
nded air which then passes out through the outer tube of the 
entric worms and serves to cool the entering air. This 
ess goes on until finally the air in the tubes L begins to 
5fy and collects in the bottom of the compartment, whence 
drawn off at regular intervals by an automatic valve. The 
ae driven by the expanding air is connected to an air com- 
3or and assists in compressing the air which is to be fed into 
nachine. 

:. The Pressure-Volume Law for the Adiabatic Ezpansioii of 
jrfect Gas. — For any process involving only infinitesimal 
gy changes, the equation of the First Law of Thermodynamics 
be written 

dU=^dQ-'dW==dQ-pdv (29) 

nee, 

dU= (^) ^dr = (by definition) mc^dT (30) 

an adiabatic process 

dQ = (by definition) (31) 

hence for such a process equation (29) becomes 

mCvdT+pdv = (32) 

a perfect gas 

mT=^pv (33) 



(see equation 3a) 

R^MiCp-c) (34) 

ibining these equations with equation (32) so as to eliminate 
re find 

dlogep+^dlog.t; = (36) 
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which on integration gives 

Cp 

pvcn = pv^ = const. (36) 

This equation shows the manner in which p and v vary during the 
adiabatic expansion of a perfect gas. The specific heat ratio, 

7=—, is of course a constant for a given gas. 



Problem 14. — Give all the steps in the derivation of equation (36) from 
equation (32). 

Problem 16. — With the aid of equation (36) derive the relation connecting 
p and T during the adiabatic expansion of a perfect gas. 

Problem 16. — Four moles of a perfect monatomic gas at 0** and a piesBure 
of 0.1 atmosphere are allowed to expand reversibly until the pressure falls to 
0.1 mm. Calculate in Uter atmospheres the work done: (1) if the ezpansioii 
takes place isothermally, and (2) if it takes place adiabatically. 

Problem 17. — When air at 0° is allowed to expand suddenly from an initial 
pressure of five atmospheres to a final pressure of one atmosphere it is cooled 
1.1** by the Joule-Thomson effect. If it performed Tna.-gif¥m iT| work daring 
this adiabatic expansion, approximately how much would it be coded? 
The specific heat ratio for air is 1.40. (Of. problem 15.) 
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CHAPTER XXI 
CHEMICAL KINETICS 

Homogeneous Systems 

1. Rate of Reaction. — The rate at which a chemical reaction 
proceeds in a homogeneous (I, 8) system is defined as the de- 
crease in the equivalent concentration of the reacting molecular 
species in the time, d^, divided by that time, or mathematically 

rate of reaction = ~" "37 (1) 

Experiment shows that in gaseous systems and in dilute so- 
lutions in which the thermodynamic environment is kept con- 
stant the rate of any chemical reaction is proportional to the 
product of the concentrations of the reacting molecular species, 
each concentration being raised to a power equal to the 
number of molecules of the corresponding molecular species 
which enter into the reaction, as shown by the chemical 
equation which expresses the reaction as it actitally takes place. 
Thus if the reaction whose rate is being measured is expressed by 
the equation 

aA+6B+ .... ^mM+nN+ ... (2) 

then the law just stated would be expressed by the equation 

-^ = -^=MAnBf... (3) 

where the brackets, [A], [B], etc., signify the concentrations, 
at the time, t, of the molecular species. A, B, etc., expressed in 
equivalents per liter. This law is known as Guldberg** and Waage's* 
law of chemical mass action as applied to reaction rate. The 
constant, k, is known as the specific reaction rate. 

« Cato Maximilian Guldberg (1836-1902). Professor of Applied Mathe- 
matics in the University of Kristiania. 

* Peter Waage (1833-1900). Professor of Chemistry at the University 
of Kristiania. 
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If the above reaction does not go to completion in the direc- 
tion indicated by the arrow, the rate of the reverse reaction 
must also be considered. This would evidently be 

-^=-f^=*'t^nNr... (4) 

and the resuUard rate in the direction indicaied by the arrow would 
be the difference between the actual rates of the two opposing 
reactions, that is, 

-^= -^+^=jfc[Ar[B]». . . -ifc'[Mr[Nr. . (5) 

In what follows we shall confine the consideration to the rates of 
reactions which run practically to completion in one direction, 
that is, reactions in which k' is negligibly small. 

2. First Order Reactions. — Reactions in which the concentn- 
tion of only one reacting substance changes are called first order 
reactions, provided only one molecule of this reacting substance 
appears in the chemical equation which expresses the reaction 
as it actually takes place. The change of dibrom-succinic add 
into brom-maleic acid, which occurs when it is boiled with water, 
is an example of a reaction of this type. 

CHBrCOOH CHCOOH 

I =11 + HBr 

CHBrCOOH CBrCOOH 

Another example is the hydrolysis of cane sugar in dilute aqueous 
solution in the presence of an acid. The reaction is 

/-< XT r^ I u r\ C!6Hi206 . C6Hi20« 
1^12X122^11 i-±l2U = 



glucose ' fructose 

Problem 1. — Tv>o reacting substances, water and sugar, evidently aw 
involved in this reaction. How can it be a first order reaction according to 
the above definition? 

For a first order reaction the general law of reaction rate, 
equation (3), evidently reduces to the form 

=^ = MA] (6) 

or if we call A the equivalent concentration of the reacting sub- 
stance when the measurements of the reaction rate are begun 
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(i.e., when ^ = 0), and x the number of equivalents (per liter) 
which have disappeared as a result of the reaction, at the end 
of t units of time, then at the time t we have [A]=A— a? and 
— d[A] = dx, and equation (6) may be written in the form 

f=KA-x) (7) 

Problem 2. — Show that the integral of this equation is 

jlogioj^=0.4343*; (8) 

Problem 3. — In a solution at 48** containing 0.3 mole of cane sugar in a 
liter of 0.1 normal HCl, it is found (by means of a polarimeter) that 32 per 
cent, of the sugar is hydrolyzed in 20 minutes, (a) Calculate the proportion- 
ality constant, kj which is known as the specific reaction rate. (&) Calculate 
the rates of the reaction at its start and at the end of 30 minutes, (c) What 
per cent, of the sugar will be hydrolyzed at the end of 60 minutes? (d) 
What per cent, of the sugar would be hydrolyzed at the end of 30 minutes 
if the 0.3 mole had been initially dissolved in 10 liters of the O.ln HCl instead 
of in 1 liter? The HCl acts merely as a catalyst (XX, 12). It is not used up 
during the reaction. 

3. Second Order Reactions. — When two reacting molecular 
species or two molecules of the same species simultaneously 
disappear as a result of the reaction, under conditions such 
that the concentrations of both decrease, then the reaction is 
classed as a second order reaction. 

Examples: 

(1) The saponification of an ester by an alkaU, 

CH3COOCH3+NaOH = CH3COONa+CH80H 

(2) The polymerization of NO2 in the gaseous state, 

2N02 = N204 

Problem 4. — If A is the initial concentration of one of the reacting sub- 
stances and B that of the other, and x is the number of equivalents, per 
liter, of each which have been changed over by the reaction after t units of 
time, show that the equation for the rate of the reaction may be written, 

^ = k{A-x)(B-x) (9) 

The general integral of this equation is 
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Problem 6. — If A and B are equal or if the two reacting moleculefl are of 
the same kind show that the integral is 

Problem 6. — In the saponification of methyl acetate (CH»COOCHi) ^f 
caustic soda, 20 per cent, of the ester will be saponified in 10 minutes when the 
initial concentrations are both 0.01 molal. (a) How long will it take to 
saponify 99 per cent.? (6) What will be the concentration of metl^l 
alcohol at the end of half an hour? If the initial concentration of the 
ester is 0.015 mole and that of the NaOH 0.03 mole per liter, (c) what per 
cent, of the ester will be saponified in 10 minutes, {d) how long will it take to 
saponify 99 per cent., and (e) what will be the concentration of methyl alcohol 
at the end of half an hour? 

4. Third Order Reactions. — This order includes all reactions 
in which three reacting molecules are directly involved with 
concentration decrease. 

Example: 

2CH3COOAg+HCOONa=2Ag+C02+CH3COOH+ 

CHsOCXHfa 

The three molecules here are two molecules of silver acetate and 
one of sodium formate. The equation for the rate of this re- 
action would evidently be 

f^=^A-x)\B-x) (12) 

5. Reactions of HTgher Orders. — Reactions of higher orden 
than the third are of very rare occurrence. ' For example, the 
reaction which is written 

2PH3+402 = P205+3H20 

represents the combustion of the gas PH3. This would i^par- 
ently be a reaction of the sisih order since six reacting molecules 
are involved. Experiment shows, however, that the rate of 
this reaction actually corresponds to the equation of a second 
order reaction. The interpretation placed upon this fact is 
that the above reaction actually occurs in stages. The first 
stage is the slow reaction, PH3+02 = HP02+H2. This is 
evidently a second order reaction. The subsequent reacticHis 
by which H2O and P2O6 are produced are very rapid in compaQ' 
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* son with the first stage so that the rate which is actually meas- 
ured experimentally is the rate of the first stage of the reac- 
tion, which accounts for the fact that the reaction behaves as a 
second order one. The rate of a reaction which occurs in stages 
^. can obviously never be greater than the rate of the slowest stage 
s and this is the reason why reactions of higher orders are so rarely 
rl met with. The slowest stage of the reaction determines its 
2 order and the slow stages are practically always either first, 
^ second or third order reactions. 

6. Saponification and the Ionic Theory. — 



i; 



Problem 7. — (a) In dilute solution the rate of saponification of ethyl 

acetate by Ba(0H)2, Ca(0H)2, or Sr(0H)2 is found to obey the equation of 

i[' a second order reaction and to have a specific reaction rate only slightly 

smaller than in the case of saponification with NaOH. Stoichiometrically 

the reaction would be written 

2CH3COOC2H6+Ba(OH)2 = (CH3COO)2Ba+2C2H60H 

and would appear to be a third order reaction. Show how according to the 
Ionic Theory we should expect the reaction to be a second order one and 
to have nearly the same specific reaction rate as in the case of NaOH. 
(6) The specific reaction rates for saponification with KOH, LiOH and CsOH 
are the same as for NaOH, but that for NH4OH is very much smaller (ini- 
tially only about -5^ as large, in fact, for a 0.1 normal solution). All the 
reactions are second order ones. How are these facts interpreted by the 
Ionic Theory? (Suggestion: Write all the reactions in the ionic form 
and make use of the facts stated in XVll, 3. Esters are non-electrolytes.) 
Problem 8. — At 25° the initial rate of saponification of ethyl acetate by 
0.01 normal NaOH is 9.0 times as great as that by 0.1 normal KCN. From 
the conclusions reached in problem 7, together with the data given in XVII, 
3 and Table XXIII, what would you conclude as to the concentration of 
hydro xyl ion in the KCN solution? The source of this hydroxyl ion will be 
explained later (equation 25, XXIII) . 

7. Reaction Rate and Thermodynamic Environment. The 
Neutral Salt Effect. — Reaction rates in solution are usually 
appreciably influenced by the presence of neutral salts which 
apparently have nothing directly to do with the reaction itself. 
In many cases this ''neutral salt effect," as it is called, may be 
interpreted as due, at least partially, to the influence of the ions 
of the salt upon the thermodynamic environment (XVII, 6) pre- 
vailing within the solution, for the rate of any given reaction is 
very powerfully influenced by the nature of the mediiunn ' -Ki/*h 

18 



274 PRINCIPLES OF PHYSICAL CHEMISTRY [Chap. XXI 

it takes place. In employing reaction rates for detennining the 
concentration of some molecular species in a given solution it is, 
therefore, essential that the experiments be conducted as for as 
possible under comparable conditions as regards thermodynamic 
environment. Thus in problem 8, the NaOH solution employed 
in the experiment should have been one which had an OH"-ion 
concentration as close as possible to that prevailing in the KCN 
solution, and it should also have contained sufficient KCl to 
make its total concentration of uni-univalent electrolyte 0.1 
equivalent per liter. The thermodynamic environment within 
the NaOH solution would then probably have been as dose 
to that prevailing within the KCN solution as it is possible to 
make it. Only when the thermodynamic environments are 
identical in two solutions are we justified in assuming that a 
given reaction has the same specific reaction rate in both solu- 
tions. This should be borne constantly in mind in employing 
the laws of chemical kinetics in the study of solutions. 

8. Temperature and Reaction Rate. — It has been found in 
many cases that equal increments of temperature produce 
about the same multiplication of reaction rate. For each 
rise of 10° the rate of the reaction is multiplied 2-4 fold, the 
exact value of the multiplying factor varying with the nature 
of the reaction. 

Problem 9. — ^Assuming 2.5 as an average value for this multiplying factor 
calculate how many fold the reaction rate would be increased by a rise (rf 

A more general expression for the effect of temperature upon 
the specific reaction rate is that formulated by van't Hoff as 
follows : 

d log k A 

dT ~T^ 
where A is a characteristic constant. 



(13) 



Catalysis 

9. The Phenomenon of Catalysis. — The rate of chemical ^ea^ 
tions in many instances can be greatly increased by the presence 
in the reaction mixture of substances, called catalytic agcnls 
or catalysts, which are not themselves consumed by the re 



Sue. 12] CHEMICAL KINETICS 276 

action. This phenomenon is known as catalysis. There are 
many kinds and varieties of catalysts and the mechanism of 
their action is so different in different cases and so little under- 
stood that few, if any, general principles can be laid down con- 
cerning the phenomenon. It is of immense importance, however, 
in scientific and industrial processes as well as in many processes 
which occur in nature, and a brief statement regarding what is 
known concerning the action of some classes of catalysts will be 
included here. 

10. Contact Agents. — Many reactions both in the gaseous 
state and in solution are greatly accelerated near the surface of 
certain solids such as platinum black, ferric oxide and other 
metallic oxides. Such substances in a finely divided state 
adsorb (that is, concentrate upon their surface) the reacting sub- 
stances from the gas or solution and the reaction in the adsorbed 
layer then proceeds much more rapidly than in the body of the 
gas or solution where the concentrations are much lower. This 
is supposed to be the mechanism of the catalytic effect of some 
of the contact agents. The action appears in many cases, 
however, to be a very specific one. The contact process of 
sulphuric acid manufacture is an example of a technical appli- 
cation of a contact agent. 

11. Carriers. — In many cases the catalyst actually reacts 
chemically with one of the reacting substances to form an inter- 
mediate compound which in turn reacts in such a way as to re- 
generate the catalyst and produce the final reaction products. 
Such catalysts are known as carriers. Thus nitric oxide, NO, 
acts as a carrier in the familiar chamber process for the manu- 
facture of sulphuric acid. 

02+2NO = 2N02 
and then 

SO2+NO2+H2O = H2SO4+NO 

12. Ions as Catalysts. — Hydrogen ion and hydroxyl ion act as 
catalysts for many reactions which occur in aqueous solution. 
The velocity of any reaction catalyzed by either of these two 
ions is, in dilute solution, directly proportional to the con- 
centration of the ions in question as long as the thermodynamic 
environment remains constant. The inversion of cane sugar 
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16. Radiant Energy. — Many reactions which proceed very 
slowly or inappreciably in the dark are greatly accelerated when 
illuminated by radiant energy of the proper wave length. The 
union of H2 and CI2 gases and the changes which take place upon 
a photographic plate are examples of photochemical reactions. 
Not only is the reaction rate influenced by the light, but the nature 
of the reaction products and the yield obtained are also affected. 
The subject of photochemistry is being extensively investigated 
at the present time. Other forms of energy such as the silent 
electric discharge, X-rays, cathode rays, etc., also exert a power- 
ful influence upon the course and rate of chemical reactions in 
many cases. These effects, while introduced at this point, are 
not usually classed as catalytic, however. 

Heterogeneous Systems 

17. Solid Substances. — When a solid substance reacts with a 
substance in solution the rate of the reaction is proportional to 
the surface of the solid exposed to the solution. When a solid 

dC 
dissolves in its own solution the rate at which it dissolves, -jt} 

' at 

under uniform conditions of temperature and of stirring is pro- 
portional to the surface. A, exposed and to the difference between 
its solubility, S (XIV, 12), and its concentration, C, in the solu- 
tion at the time t, or mathematically 

^=kA{S-C) (14) 

Problem 10. — (a) What are the relative rates at which a substance will 
dissolve in its own solution (1) when the solution is 50 per cent, saturated 
and (2) when it is 98 per cent, saturated? (5) If it takes 2 minutes for 
the solution to become 50 per cent, saturated, how long should a solubility 
experiment last, if one wishes to determine the solubility with an accuracy 
of 0.01 per cent.? Assume constant surface and constant conditions of 
stirring. 



CHAPTER XXII 

CHEMICAL EQUIUBRIUM 

A. Homogeneous Systems at Constant Tempbbatubb 
1. The Nature of Chemical Equilibrium. — Suppose that ^ 
bring together in any homogeneous gas or liquid system two 
substances A and B which enter into chemical reaction with 
each other to form the substances M and N as expressed by the 
equation 

aA+6B = mM+nN (1) 

As this reaction proceeds, the concentrations of A and B will be 
observed to decrease and those of M and N to increase^ at first 
rapidly and then more slowly until finally a steady conditHm 
will be reached in which the concentrations of the molecular 
species A, B, M and N no longer change, that is^ the reactkn 
has apparently stopped. In the same way if we were to start 
with the two substances M and N at the same initial equivaleDt 
concentrations as were used for A and B in the first experiment, 
we would find that reaction (1) would proceed from right to Ufi 
until eventually a steady condition of no concentration change 
would again be reached. The concentrations of the four molecu- 
lar species when this steady state is attained are foiuid to be 
independent of the direction from which this condition is ap- 
proached. That is, whether we started with a moles of A and 
b moles of B or with m moles of M and n moles of N, the con- 
centrations of all four species when the reaction had apparently 
ceased would have the same respective values regardless of the 
direction in which the reaction took place. When a steady 
condition of this character is reached in any chemical reactioQ) 
the molecular species involved are said to be in chemical equilib- 
rium with one another. This equilibrium is not a static one, 
however, but is instead a dynamic one. That is, the chemical 
reaction does not actually cease but rather it continues to tab 
place in both directions but at the same rate in each directi0B> 

27& 
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The reacting substances are thus re-formed by the reverse re- 
action just as fast as they are used up by the direct reaction, the 
net concentration change being zero. 

The concentrations of the reacting molecular species when 
equilibrium is attained will be called their equilibrium concen- 
trations. In any chemical equilibrium in a perfect gas or a 
dilute solution at a given temperature, the equilibrium concen- 
trations, (7a, Cb, Cm and Cn, are always so related that they 
fulfill the following condition 






= const. (2) 



where the value of the ^^equilibrium constantj'' as it is called, is, 
for a given thermodynamic environment, characteristic of the 
reaction in question. This relation is Guldberg and Waage's 
law of chemical mass action as applied to chemical equilibrium. 
In section 3 we shall recognize it as a special case of a more 
general law based upon the principles of thermodynamics. 

2. The Criterion for True Chemical Equilibrium. — The fact 
that in any instance a given chemipal reaction has apparently 
come to a stop cannot be taken as proof that a tru>e chemical 
equilibrium has been attained. In order to make certain the 
equilibrium should be approached from both directions. If the 
value of the equilibrium constant computed from the equilibrium 
concentrations is found to be independent of the direction from 
which the equilibrium is approached, then the equilibrium is a 
true chemical equilibrium. False equilibria are sometimes met 
with, due to various causes such as destruction or absence of an 
essential catalytic agent (XXI, 9), extreme slowness of some stage 
of the reaction, or slow diffusion of one or more of the substances 
involved. False equilibria occur most frequently in the case of 
reactions in heterogeneous systems. 

Problem 1. — In one experiment 0.100 mole each of H2 and CO2 are 
heated together at 686° in a closed liter vessel until the reaction has appar- 
ently ceased. The vessel is then found to contain 0.0422 mole of H2O. In 
a second experiment 0.110 mole of CO and 0.0902 mole of H2O are heated 
in the same way and when the reaction has apparently ceased 0.0574 mole 
of CO2 is found to have been formed. Was true chemical equilibrium 
attained in these experiments? 
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3. The Thermodynamic Law of Chemical Eqmlihrinm at 
Constant Temperature, (a) Gaseous Systems. — If any number 
of molecular species A, B, . . . . , M, N, . . etc., are in chemical 
equilibrium with one another in the gaseous state as expressed 
by the equation 

aA+6B+ . . ;=i mM+nN+ (3) 

the following purely thermodynamic (XII, 8) relationship can 
be shown to connect the partial pressures, p, and molal volumes, 
V, of the molecular species concerned, at any given constant 
temperature T (see Appendix, 12, for derivation) : 

wt'MdpM+^«'NdpN+ . . .— at^AdpA-^Wfidj^B— . - .=0 (4) 
where dp for each substance represents the complete differential 

dp = \^p) dP+ \^j Ax, P being the total pressure on the sys- 
tem and X the mole fraction of any constituent of the system 
whether it be concerned in the chemical reaction or not In 
other words, if the chemical equiUbrium be displaced in one direc- 
tion or the other by changing either the pressure or the composi- 
tion of the gas or both, the corresponding changes in the partial 
pressures of the molecular species concerned in the equilibrium 
must occur in such a way as to fulfill the condition represented by 
equation (4), which for brevity may be written 

S ^ mvudpyi = (5) 

where the ± sign indicates that the terms for the substances on 
one side of the reaction must be taken with opposite signs from 
those for the substances on the other side of the reaction. 

In order to integrate this equation it is first necessary to know 
the equation of state for each molecular species involved. If 
all the substances obey the perfect gas law or in general if? 
represents the f ugacity (XIV, 1) , we have mvudpu = niR TdlogePM 
= RT dlogePM and similarly for each of the other substances 
involved in the reaction. Equation (5) therefore becomes 

RTdlog. ^f ^^ ' ' =0 (6) 



Pa-Pb 



which on integration gives 



— ^— ^ = const. = iiLp (D 

PaPb . . 
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This is the law of chemical mass action (for a gaseous system) 
expressed in terms of partial pressures or fugacities. If the sub- 
stances are all perfect gases, we may also write p^ = (,CMR'r)^ 

and similarly for each of the other substances, where Cl = -] 

represents the equilibrium concentration in moles per liter 
(XXII, 1) in each instance. Equation (7) may therefore be 
written 



where An = a+6+. . , —m — n— , . . (9) 

and we thus obtain the mass action law (equation 2) in terms of 
volume concentrations. The relationship between the equilib- 
rium constants, Kp and Kc, of the two modes of expression is 
shown in equation (8) from which one constant can evidently 
be calculated if the other is known. 

Problem 2. — Show that for perfect gases the mass action law may also be 
written in terms of the mole fractions of the substances concerned, thus 

f ^ • ' - = Kj^'' = K, (if P is constant) (10) 

(6) Liquid Systems. — In the case of a chemical equilibrium 
in solution, equation (7), where p represents fugacity, must 
evidently hold for the vapor above the solution and if the 
thermodynamic environment in the solution is constant, the 
fugacity of each molecular species will be proportional to its 
mole fraction, x, in the solution. (See equation 1, XIV.) Equa- 
tion (7) may, therefore, be written 

a h = const. = K^ (11) 

for the solution. This is the law governing a chemical equilib- 
rium in any solution in which the thermodynamic environment 
is constant. 

Problem 3. — Show that from the nature of the definitions (XI, 5) of x 
and C for any substance in a solution the following relationship exists 



Cm r^n 
M'^N _ir fn X n \ n X x n x n x \An 



= KJfi Q+C j^-\-Cb'\' ' • • +Cm+Cn+ • • • ) ^ (12) 
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wfcoe^Ji and K^ mtedeSaed hy cqoit io Bg (9) sad CU) ■■■jwiiiiiij aad Ct 
mpnm asU the totel coneentrxtioa (ia moiei perliler)€f ■fliiiifcuiliii iiiiiiii 
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m o leca fag , for example). 
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<41mt pTketkal coDditiofi wiH cqoatkn (12) ledoee to the U 



— =coiisL=Jfe (13) 



In writing the mass action law in terms of conoentrstions it is 
frequently customary to employ the formula of the substance in- 
closed in brackets as a symbol representing its T<dunie concentra- 
tion. Thus in this nomenclature equations (2) and (13) would 
1^ written 



4« Determination of the EquiHbiinm Constant. — ^In order to 



determine by direct measurement the numerical value ci the 
equilibrium constant for a given reaction at a given temperature, 
it is first necessary to establish equilibrium between the different 
substances taking part in the reaction and then to measure the 
concentration of each substance in this equilibrium mixture. In 
order to be certain that true equilibrium has been attained, it 
should, as explained above, be approached from both directions 
and in many cases a catalyst (XX, 9) must be used in order to 
hasten the attainment of equilibrium. The method employed 
for determining the concentration of any substance in an equilib- 
rium mixture must be one which does not change this concen- 
tration during the process of determining its value, for such a 
change would result in a displacement of the equilibrium. The 
customary methods of chemical analysis cannot, therefore, be 
employed in many cases and we are obliged to modify these 
methods or to resort to physical methods for measuring the 
cquilil)rium concentrations of the molecular species concerned. 

As an example we will consider the problem of determining the 
equilibrium constant for the gaseous reaction 

2HI^H2+l2 (15) 

Equilil>rium in this reaction may be reached either by heating 
gaseous HI to the desired temperature or by heating a mixture 
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of H2 and I2 gases to the same temperature. This equilibrium 
is attained very slowly at ordinary temperatures but at the 
temperature of 440° it is reached in a short time. If, therefore, 
we heat a known quantity of HI (or of H2 and I2) at 440° in an 
equilibrium vessel of known volume until equilibrium is reached, 
we may determine the equilibrium concentrations by drawing 
out a sample of the mixture through a cooled capillary tube con- 
nected with the equilibrium vessel and then analyzing this sample 
at our leisure, for the mixture on being drawn into the capillary 
is cooled so quickly that the rate of reaction is reduced nearly 
to zero before any appreciable shifting of the equilibrium can 
occur and the composition of the cold sample will be the same as 
that of the equilibrium mixture at the higher temperature. In 
one experiment^ of this kind Bodenstein" heated 20.55 moles of 
H2 with 31.89 moles of I2 to 440° until equilibrium was at- 
tained. The equilibrium mixture was then rapidly cooled and on 
analysis (by absorbing the I2 and HI in caustic potash and meas- 
uring the H2 remaining) was found to contain 2.06 moles of 
H2, 13.4 moles of I2 and 37.0 moles of HI in the volume, v. 
Hence 



?-f] [^] 



Instead of cooling such an equilibrium mixture and then ana- 
lyzing it, it is frequently possible to determine its composition 
at equilibrium by a suitable physical method. Thus in the 
present case HI and H2 are both colorless gases while I2 is strongly 
colored, and by comparing. the depth of color of the equilibrium 
mixture with that of a series of vessels containing iodine vapor 
alone, at known concentrations, the composition of the equilib- 
rium mixture can be determined. 

Problem 6. — ^A 1 -liter quartz tube containing 0.1 mole of HI gas is 
heated to 440** until equilibrium is established. By comparing the depth 
of the violet color observed on looking through the tube with the color of 
standard tubes containing pure iodine vapor, the color of the equilibrium 
mixture is found to correspond to an I2 concentration of 0.0112 mole per 

« Max Bodenstein (1871- ). Professor of Physical and Electro- 
chemistry in the Technical School at Hannover, Germany. 
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liter. From these data compute the equilibrium constant for this equilib- 
rium. (Cf. XI, problem 1.) 

Problem 6. — A liter vessel containing 0.14 mole of Ha and 20.6 grams of 
iodine is heated to 440**. How much HI will be formed? What will be the 
partial pressure of each substance when equilibrium is reached? What will 
be the total pressure of the mixture? 

Problem 7. — x grams of HI are heated in a 2-liter vessel at 440** until 
equilibriimi is reached, the total pressure being 0.5 atmosphere. Calcu- 
late X. 

When a gas containing more than one atom in its molecule 
is heated to a sufficiently high temperature it breaks up or dis- 
sociates partly into simpler molecules (XX, 4) and the fractional 
extent to which such dissociation occurs at any given temperature 
and pressure is called the degree of dissociationy ex, of the gas. 
This degree of dissociation and hence also the equilibriimi con- 
stant of the reaction can usually be calculated by determining 
the density of the partially dissociated gas in equilibrium with 
its dissociation products at the temperature in question and 
comparing this observed density, Dobs.? with the density, Dcak» 
which the gas would have at the same temperature, if it did not 
dissociate. This latter density can of course be calculated from 
the molecular weight of the undissociated gas and the tempera- 
ture and pressure. 

Problem 8. — When one molecule of a gas dissociates it produces n mole- 
cules of dissociation products. If one mole of the gas is heated to such 
a temperature that the degree of dissociation is a, show that the total num- 
ber of moles of all molecular species present in the dissociation mixture is 
1 H-(n — l)a. Show also that a can be calculated from the equation 

Problem 9. — N2O4 dissociates in the gaseous state according to the 
equation 

N2O4 = 2NO2 (16fl) 

At 49.7° and 26.8 mm. the observed density of the gas referred to air is 
1.663. Calculate its degree of dissociation. 

Problem 10. — Show that for any dissociation of the type, AB = A+B, 
the equilibrium constant, Kcj for the dissociation reaction is expressed by 
the relation 
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- and for the t3rpe, A2 =2A, by the relation 



1- 



a 



(18) 



where C is the volume concentration of the dissociating substance calculated 

on the assumption that it does not dissociate, that is, ^="jj7"^*'> where 

m is the number of grams of the substance in the volume v. 

Problem 11. — From the data in the preceding problems calculate the 
value of Ke for the dissociation of N2O4 at 49.7°. Calculate also Kp and 
Kx for one atmosphere pressure. From your results calculate a for P — 
1, for P=0.5, and for P = 0.1 atmosphere respectively. What would be 
the partial pressure of the NO2 molecules for P=0.6 atmosphere. Cal- 
culate the actual density (referred to air) of the gas, for P = 93.75 mm. 
(The observed value at this pressure is 1.79.) 

Problem 12. — Phosphorous pentachloride dissociates in the gaseous 
state according to the equation 

PCl6 = PCl3+Cla 

When 1 gram of PCI5 crystals is vaporized at 182** and 1 atmosphere the 
density of the vapor referred to air is 5.08 when equilibrium is reached. 
Calculate a, Ke^ Kp and Kx* Calculate the degree of dissociation of the 
PCh after equilibrium is reached in each of the following experiments: (a) 
10 grams of CI2 are mixed with the PCh, (1) at constant volume and (2) at 
constant pressure; (6) the same experiments with 1 gram of Ar; (c) the 
same experiments with 1 gram of PCU; (d) the total pressure is reduced to 
0.5 atmosphere; (e) the volume is increased to 50 liters by reduction of 
pressure. 

Problem 13. — ^At 290° and 330° respectively the sublimation pressures 
(VI, 1) for NH4CI crystals are 185.3 and 610.6 mm. respectively. The meas- 
ured values for the density of the saturated vapor at the same two tempera- 
tures are 0.00017 and 0.00053 gram per cubic centimeter respectively. 
Calculate the degree of dissociation and the equilibrium constant for each 
temperature. 

Problem 14. — Preuner and Brockmoller* foimd that 0.0755 gram of sele- 
nium vapor occupying a volume of 114.2 c.c. at 700° exerts a pressure of 
185 mm. The selenium is in a state of dissociation equilibrium in accordance 
with the reaction Se6;=i3Se2. Calculate, a, Kp and Kc. What pressure 
would be exerted by 0.0369 gram of selenium vapor in a volume of 148 c.c. 
at 700°? [Value observed = 86.5 mm.] 

6. Chemical Equilibritun in Solutions of Constant Thermo- 
dynamic Environment. — AU chemical equilibria in solutions 
where the thermodynamic environment remains constant must 
obey the law of mass action as expressed by equations (11) and 
(13), since for such solutions this law is a purely thermodynamic 
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i,iid Bates (XVII, Ic) connecting conductance and concentration 
tssume the forms 

""'^ =k+k\aC)^ (20) 



1- 



a 



ind 



log^ = k+k\aCy (21) 

1 — (X 



•espectively. We have already seen (XVII, Ic and Table 
XXII) that these empirical dilution laws are capable of accurately 
representing conductance data for a great variety of electrolytes 
3oth in aqueous and in non-aqueous solutions. 

In general the sum of the concentrations of all the species of 
positive ions (or of negative ions) in any solution is called the 
kotal-ion concentration of that solution. In the case now under 
consideration (a solution of a uni-univalent electrolyte) there is 
evidently only one species of positive ion, C-ion, present in sig- 
nificant amount in the solution and hence the total-ion concen- 
tration of our solution is aC, the expression which occurs on the 
right-hand side of equations (20) and (21). The facts repre- 
sented by the two empirical equations (20) and (21) may, there- 
fore, be summed up in the following words: If we accept the 
conductance ratio, Ary/Aoryo, as a measure of the degree of ioniza- 
tion of a uni-univalent electrolyte, then the equilibrium expres- 
sion for the ionization reaction of such an electrolyte is in general 
not a constant, at constant temperature, but increases as the 
total-ion concentration of the solution increases. 

(c) Strong Electrolytes. — When, however, we come to clas- 
sify the uni-univalent electrolytes with reference to their behavior 
in this connection, we find that for practical purposes they may 
be roughly divided into two groups. In the first group fall the 
strong electrolytes (XV, 4 and XVII, 3). For these electrolytes 
the term k\aCY ^ equations (20) and (21) is always either of 
the same order of magnitude or much larger than the term k. 
In other words, the total-ion concentration is always a controlling 
factor in the ionization of this group of electrolytes, the tendency 
to ionize, as measured by the magnitude of the equilibrium ex- 
pression, being greater the greater the ion concentration of the 
solution. 
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The fact that the ionization equilibrium of strong electrolytes, 
even in very dilute solutions, is so greatly at variance with the 
law of mass action is due chieiBy to the behavior of the un-ionized 
molecules of these electrolytes. The deduction of that law 
assumes that the molal fugacity of every molecular si>ecies con- 
cerned in the equilibrium is constant under all conditions. 
While this condition is approximately fulfilled by the ions, the 
un-ionized molecules deviate from it very widely as we have al- 
ready seen (XVII, 6). The effect of this deviation (the causes 
of which we have already discussed) upon the character of the 
law governing the ionization equilibrium will be more clearly 
appreciated by solving the following problems. 

Problem 16. — With the aid of equations (16 and 17, XVII) derive a 
dilution law for KCl. 

Problem 16. — Calculate the value of the equilibrium expression for the 
ionization of KCl (a) at O.OOOln, (b) at O.Oln, and (c) at 0.25n. See Table 
XXII. 

(d) Weak Electrolytes. — In the second group fall the weak 
electrolytes. For these electrolyi^es the term fc'(aC)* is always 
small in comparison with the term k and evidently becomes 
smaller the more dilute the solution. For most purposes, there- 
fore, the term k\aCY may be neglected in comparison with the 
term k in the case of weak electrolytes in dilute solution and 
equations (20) and (21) on this assumption both reduce to the 
form 

z = const. = Kc (22i 

\ — a 

an equation which we have already met under the name of 
Ostwald's dilution law (XVII, Ic). 

In other words the ionization of weak electrolytes in dilute 
solution takes place in accordance with the law of mass action. 
(See equation 19.) The weaker the electrolyte, that is, the 
smaller the numerical value of its ionization constant, Xc, the 
more closely is the mass action law obeyed. Even if the ion con- 
centration of the solution be greatly increased by adding a strong 
electrolyte to it, the resulting change in the thermodynamic 
environment will cause (see XVII, 6) only comparatively small 
changes in the f ugacities of the ions and un-ionized molecules of 
the weak electrolyte, and hence the ionization constant of such 
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an electrolyte may for most purposes be assumed to have approxi- 
mately the same value in all dilute solutions in a given solvent 
and at a given temperature, regardless of what other substances 
may be present, at small concentration, in the solution. In con- 
centrated solutions and for solutions containing large additions 
of other substances, particularly electrolytes, this statement no 
longer holds true, however. The behavior of a typical weak 
electrolyte is illustrated in the following problem and table. 

Table XXVII 

Conductance and Viscosity Data for Acetic Acid Solutions at 25**. Based 
upon Measurements by Kendall* and by Rivett and Sidgwick.* For Illus- 
trating the Behavior of a Typical Weak Electrolyte with Respect to the Law 
of Mass Action. 
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K 


C 

R. & o. 


D 257250 
R. &S. 


LXIO* 


A 


R. &S. 


a 


KcX 

10» 


K,X 

10» 


6948.0 




1.0000 


0.1682 




1.0000 




1.87 


1.04 


3474.0 




1.0000 


0.2496 




1.0000 




1.87 


1.04 


1737.0 




1.0000 


0.3661 




1.0000 




1.85 


1.03 


868.4 




1.0000 


0.5312 




1.0001 




1.85 


1.03 


434.2 




1.0000 


0.7651 




1 . 0002 




1.86 


1.03 


217.1 




1.0000 


1.097 




1.0005 




1.85 


1.03 


108.6 




1.0000 


1.564 




1.001 




1.85 


1.03 


54.28 




1.0001 


2.227 




1.002 




1.86 


1.03 


27.14 




1.0003 


3.165 




1.004 




1.87 


1.03 


. 13.57 




1.0007 


4.485 




1.008 




1.88 


1.04 


7.908 




1.0011 




4.618 


1.014 




1.86 


1.03 


3.954 




1.0022 




3.221 


1.028 




1.86 


1.02 


1.977 




1.0043 




2.211 


1.056 




1.85 


1.00 




(0 . 7443) 


1.0065 


(13.21) 




1.082 




1.83 


0.99 


0.989 




1.0084 




1.443 


1.112 




1.74 


0.92 




1.489 


1.0122 


16.71 




1.169 




1.70 


0.90 




2.006 


1.0162 


17.89 




1.230 




1.62 


0.84 




2.977 


1 . 0235 


18.54 




1.347 




1.40 


0.70 



Problem 17. — In Table XXVII are given the values of the conductances 
of a series of aqueous solutions of acetic acid at 25°. Under V is given the 
' ' dilulion ' ' of the solution, that is, the volume (in liters) containing one equiva- 
lent of the acetic acid. Calculate in each instance the molal concentra- 
tion, C, of the solution and the degree of ionization, a, and tabulate your 
results in the corresponding columns. The value of Ao for acetic acid at 
25° can be obtained from the data in Table XXI. For the higher con- 
centrations where the viscosity of the solution is appreciably different from 
that of water, its influence may be approximately taken account of by 
using equation (12, XVII) to calculate a. For this purpose the relative 
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tiir.r/i^z.'LT^'ir.zLS. of Several c-c tbr fi-nors and assmnptioiis in- 
T'lTr^i ir. :ii-T ':iilrili\£':'C.. An azAlvsfs of tte nature and efiFects 
fji :ii-rse :i..:*:«:rs if val^iicLe i? an example of the difficulties 
already crlrfv iii^ri^sei. XIV. i" of .irawing any reliable con- 
elvL?i:n< :':n:*rniin^ the indivi.rial c^havior? and effects of several 
variall-r:? by :ri-r s^u-iy ■:: a derlveii relationship involving them 
all. A oon5:i-era:i':n cf :h*rse :a.!tor5 wG also serve to exemplify 
some of the ■•::'^-:'iI:i'rS whi.'h are encountered when we attempt 
to extend ou.r s»:Iu::':n Laws in:o •:on'>rnirated aqueous solutions of 
electrolytes. ■:lim:':il:i'rs whi.'n 5<:nie chemists,* impatient at the 
slow progress which phj.-si .al .'heniistrv is mAfcrng in this impor- 
tant deld. seem vinacie to appreciate. 

The factors and asstmiptions involved in attempting to deter- 
miae and analyze the behavior of acetic acid with respect to the 
mass action law i:i the more concentrated solutions are as foUows: 
^r A co:is:ant value for K- Ls only to be expected if the thermo- 
dynamic eitvirvnimont remains constant. Owing to the slight 
decree of ionization of the acetic acid the influence of the ions 
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. upon the thermodynamic environment could scarcely be appreci- 
; able within the range covered by Table XXVII, however, and 
s their influence may therefore be neglected in comparison with 
• the effects of the other factors. The direction of their influence 
" would be to produce an increase in the value of K^ with increas- 

■ ing ion concentration. 

(2) The thermodynamic environment changes with increasing 
concentration of the acetic acid molecules. The direction and 
magnitude of this effect is not known, but judging from the corre- 
sponding influence of the alcohols (Fig. 25), it is probably not 
inaportant for concentrations below 0.5n. 

(3) In the above calculations the conductances of the ions are 
assumed to be inversely proportional to the viscosity of the 
solution. The viscosity correction at 0.25n amounts to nearly 
6 per cent, in the value of the equilibrium constant and the effect 
of applying the correction is to increase the computed value of 
this constant. 

Ninety per cent, of the conductance of acetic acid is due to 
hydrogen-ion, and our knowledge of the variation of the con- 
ductance of this ion with the viscosity of the medium is not yet 
sufficiently complete to enable us to determine the magnitude of 
the error introduced in assuming that it obeys Stokes' Law. If 
hydrogen-ion behaves Uke the other uni-univalent ions (and a 
partially completed investigation in the author's laboratory 
shows that this is approximately the case) (Cf. equation 13, 
XVII), then the values of Kx computed in Table XXVII would 
be somewhat overcorreded for the viscosity influence, thus caus- 
ing them to be larger than they should be. 

(4) In computing the mole fractions of the solute molecules, 
the molecular weight of the water is taken as 18. This is of 
course not correct (II, 5), but the effect of this assumption would 
not influence the constancy of the computed values of Kx if 
the average molecular weight of the water itself remained con- 
stant. It does not do so, however, but probably decreases as 
the concentration of the acetic acid increases, owing to the shift- 
ing of the association equilibrium which takes place in accordance 
with Le ChateUer's Theorem (Sec. 11 below). The effect of 
such a decrease is to cause the computed values of Kx to increase 
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slowly with increasing concentration of the acetic acid. The 
magnitude of this effect cannot at present be determined. 

(5) The ionization of the acetic acid does not take place as 
represented by the simple equation 

HAc = H++Ac- 

but involves the aolvent also, as explained previously {XV, 3), 
A more nearly correct method of writing the ionization reaction 
would be 

HAc+(HjO)a = [H(H,0)6]++[Ac{H,0),]- 

and the mass law expression could then be written 

= PH,o'Const. (23) 

where x represents mole fraction and p fugacity or vapor pres- 
sure. In sufficiently dilute solutions the vapor pressure of the 
water may be assumed to be practically constant, but it decreases 
with increasing concentration of the solute. The effect of neg- 
lecting to take account of the change in the vapor pressure of the 
water with increasing concentration is to cause the calculated 
values of the equilibrium constant for the higher concentrations 
to come out too small. This is the behavior shown by the values 
of K^ computed in Table XXVII. 

The value of a in equation (23) is not known, and even if i' 
were, the uncertainties in the other factors involved in the 
problem would make it impossible to make any trustworthy 
calculation for the concentrated solutions. A much better degree 
of constancy in the calculated value of Ki can of course be ob- 
tained by treating a as an empirical constant to be evaluatwi 
from the experimental data, but no particular significance is M 
be attached to the value of a thus obtained or to the better con- 
stancy which would result, since a two-constant equation can 
always be made to fit a given set of values more accurately than 
containing only a single arbitrary constant. 

(6) The amount of water combined with the molecules and ions 
MOf the solute should be subtracted from the total quantity of 

tier present in the solution before computing the values of th^ 
fractions. (Cf. equation 23, XIV.) Neglecting to do this 
not have any appreciable effect at the lower concentra- 
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itions, but with increasing concentration of the solute it would 
pause the cdmputed values of K^ to be too small. The concen- 
tration at which this effect would begin to be appreciable in the 
vase of acetic acid is not at present known but it could be approxi- 
Wiately determined by suitable experiments. 
I (7) In the above calculations the acetic acid is assumed to be 
[entirely non-associated in the solution. With increasing con- 
'eentration we know, however, that it becomes more and more 
associated because pure acetic acid is a highly associated liquid. 
To what extent the influence of this factor ia appreciable in the 
concentration range covered by Table XXVII ia difficult to 
determine. The effect of association would be to cause the com- 
puted values of Ki to be too large. 

Owing to the conflicting effects of the factors just discussed it 
is evidently impossible to determine the concentration range 
within which the ionization equilibrium of acetic acid actually 
obeys the mass action law with a given degree of accuracy; nor 
Would an answer to this question be, per se, of very much value, 
abce it would not give us the desired information concerning the 
questions involved in the separate factors discussed above. The 
answers to such questions are not to be obtained from the con- 
stancy or lack of constancy displayed by the computed values 
of an equilibrium constant, but must be sought for by means of 
more direct evidence, involving as few variables as possible. 
' For the purpose of calculating values of A it is important to note 
I the empirical fact that Kc is substantially constant up to C = 0.5, 
' but no theoretical significance is to be attached to this fact or to 
the fact that iCe is constant over a trifle wider range than K^. 
[A one-constant empirical equation which holds over a still wider 
i concentration range has recently been proposed by Kendall.* 
' (e) Ionization in Mixtures of Electrolytes. — In mixtures con- 
iaining weak electrolytes it will, as just stated, be sufficiently 
exact for most purposes to assume that all such electrolytes obey 
the law of mass action. If the mixture contains only one strong 
electrolyte, the degree of ionization of this electrolyte may be 
iwsumed to be practically uninfluenced by the presence of any 
■reak electrolytes, but if more than one strong electrolyte be 
snt, the ionization equilibrium of each strong electrolyte 
be influenced by the presence of the ions of the other strong 
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electrolytes and the general problem of calculating the d^ree d 
ionization of the strong electrolytes in such a mixtureiis a complex 
one. It is usually solved by estimating the total ion concentra- 
tion, Cij of the mixture by a series of approximations and then 
assuming that the expression 

^^^^ = k+k'{Cd' (24) 

or 

log^^^^ = fc+fc'(C.)* (25) 

or some other empirical relationship holds for each electrolyte in 
the mixture, with the same values for the empirical constants as 
are obtained from the ionization of that same electroljrte in its 
own pure solutions at the same temperature. 

This assumption, namely, that the equilibrium expression for 
a strong electrolyte in a mixture is the same function of the total- 
ion concentration as it is in a pure solution of that electrolyte, 
was first made by Arrhenius and is usually known as the isohy- 
dric principle. The chief evidence in favor of the validity of this 
principle rests upon the fact that the measured specific con- 
ductance of a mixture of two electrolytes agrees fairly well 
with the specific conductance calculated from this principle. 
This agreement is likewise almost if not quite as good if the 
isohydric principle be formulated in the following approximately 
identical and more convenient form: The equilibrium expression 
for a strong electrolyte in a mixture in which the total concentration 
of all strong electrolytes is C equivalents per liter is the same a^ Ui^ 
in a pure solution of that electrolyte at the same equivalent concentra- 
tion. The roughly approximate rule that all uni-univalent strong 
electrolytes are ionized to the same extent at the same concentra- 
tion has already been stated (XVII, 3). In so far as this rule is 
valid, it is evident that, if a solution contains several uni-uni- 
valent strong electrolytes, the equilibrium expressions for all of 
these electrolytes in that solution must be equal to each other. 

Problem 18. — On the basis of the isohydric principle demonstrate the 
truth of the following rule: // two uni-univalent strong electrolytes haoini 
one ion in common (e.g., KCl and NaCl) are in solution together^ the degree aS 
ionization of each electrolyte in the solution is equal to the value which ih^ 
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electrolyte has in its own pare solution at such a concentration, C, that otC in 
that solution is equal to d in the mixture. 

The rule given in problem 18 may also be formulated in the 
following approximately identical and more convenient form: 
// two uni-univalent strong electrolytes having one ion in common 
(e.g., KCl and NaCl) are in solution together, the degree of ionization 
of each electrolyte in the solution is equal to the value which that 
electrolyte has in its own pure solution at a concentration equal to 
the sum of the concentrations of the two electrolytes in the mixture. 

Very recently Kraus has suggested' another principle for cal- 
culating degrees of ionization in mixtures. This principle is 
based upon the assmnption that the ionization of a strong electro- 
lyte is determined by the product of the concentrations of its 
own ions in the solution instead of by the total-ion concentration 
of the solution. On this basis the degree of ionization of a strong 
electrolyte in any mixture, where its ion-product is /, is the same 
as its degree of ionization in its own pure solution at such a 
concentration that its ion-product is also /. The conductance 
data for mixtures seems to agree somewhat better with the as- 
sumption made by Kraus, but the difference in the results obtained 
by the two methods of calculation is not very large in the* cases 
where they have been compared. The question as to which of 
these two methods of calculating degrees of ionization in mix- 
tures is more nearly correct must be left for future investigation. 
In many cases they will give practically the same results. 

PROBLEMS 

Note. — In all problems dealing with ionization equilibria in solution at 
18** or 25°, the necessary Ao values are to be computed from Table XXI. 
Other conductance data required, if not to be found in this book, may be 
taken from the Landolt-Bomstein tables or from any other reliable source. 
A critical simimary of conductance data for aqueous solutions of strong 
electrolytes has been prepared by A. A. Noyes and K. G. Falk [Jour. Amer. 
Chem Soc, 34, 461 to 472 (1912)] and a very complete compilation of 
similar data for many weak electrolytes can be found in Scudder's Con- 
ductivity and Ionization Constants of Organic Compounds. 

Problem 19. — If 0.1 mole of HCl is added to a liter of 0.1 normal acetic 
acid at 18**, what will be the acetate-ion concentration in the resulting 
solution? 

Problem 20. — How much sodium acetate must be added to 1 liter of 
a 0.2 molal acetic acid solution at 18° in order to decrease the hydrogen-ion 
concentration 100-fold? 
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law governing chemical equilibrium (equation 4) is either 
is negligibly small, if the substance A is present in the 
as a pure crystalline phase. We thus reaohthe conclusion 
r a chemical equilibrium in a heterogeneous system, not 
e general thermodynamic law governing the equilibrium 
3 all the special integrated forms of it (such as equations 
, 11, and 13) are identical with the corresponding equations 
logeneous systems, but with the omission of all terms refer- 
svbstances present in the system as pure crystalline phases. 
;ar that this same statement would also hold true for any 
ices which were present as pure liquids or whose fugacities 
!pt constant by any means whatsoever, 
ystals in Equilibrium with Gases. — From the general 
ion deduced in the preceding section it is evident that for 
ilibrium represented by the equation (Cf. XIX, 1) 

NH^Cl ^NH^+HCi 

h crystalline ammonium chloride is in equilibrium with 
ous dissociation products, the equilibrium law would be 

Pnhi'Phci = const. = Kp (26) 

Cnh.-Chci = const. = K, (27) 

onding to the general equations (7) and (8). 
!m 28. — Formulate the equilibrium laws of the following reactions; 

CaCOa ^CaO+CO; (28) 

3Fe+4H^ = Fe»a+4in (29) 

BaCOsaq+SrSO* = Ba80_4+SrC03aq (30) 

PbO+ NH4Cl ^ Pb(OH)Cl +Ni!3 (31) 

NHiOCONH2 = 2Nin+CO", (32) 

C+C0i = 2C0 (33) 

Fe^Oa +SCO = 2Fe+3C5, (34) 

equilibrium constants for the above reactions have all 
:perimentally determmed. The principal features of an 
,us for determining the value of the equilibrium constant 
tion (29) are illustrated in Fig. 40. The air is first com- 
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ptetely pumped out of the apparatus and the grajiular mixture d 
solid Fe+FejOi in the horizontal reaction tube is heated d«- 
trically to the desired temperature. After equilibrium is at- 
tained the total pressure inside the apparatus is r^jiistered t^ tbe 
manometer. This pressure is equal to the partial pressure of 
the hydrogen produced by the reaction plus the partial pressure 
of the water vapor. This latter pressure is kept constant owing I 
to the presence in the apparatus of liquid water at a definite 
temperature which can be controlled by means of a constant tem- 
perature bath into which the whole apparatus is plunged. 




Fig. 40. — niustratisg the principal features of an apparatus fordetennui- 
ing the equilibrium constant for the reaction 3Fe+4HTO= Fe^O^- ^4B^ 
T indicates thermocouples for measuring the temperature inside the tew- 
tion tube. Experiments with this apparatus are described by G. Preunw, 
Z. physik. Chem., 47, 392 (1904). 

Problem 29. — In one experiment with the apparatus shown in Fig. «, 
the constant temperature bath surrounding the whole apparatus was mtiii- 
tained at 38° and the reaction tube at 900°. When equilibrium had beci 
reached the manometer registered 121 mm. The vapor pressure of water i: 
38° is 49.7 mm. Calculate the equihbrium constant for reaction (29) •' 
900°. If the constant temperature bath had been regulated at 20° insti*^ 
of 38° in the above experiment what would the manometer have read aftt- 
the attainment of equilibrium? (See IV, 1, Table IX.) 

(The mean value obtained experimentally under these conditions n' 
43.7 mm.) 



9, Crystals in Equilibriimi with Solutions. — On the basis d 
the reasoning given in section 7 above, the student should have* 
difficulty in formulating the equilibrium expression for any W' 
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: erogeneous chemical equilibrium in a solution of constant thermo- 

i dynamic environment. 

z Problem 30. — When phenanthrene picrate is dissolved in alcohol it dis- 
3 sociates partially into free phenanthrene and free picric acid. Assuming that 
, the thermodynamic environment within the solution remains constant, for- 
mulate the equilibrium law for the above reaction when the solution is kept 
saturated (1) with picric acid; (2) with phenanthrene; (3) with the solid salt; 
(4) with both the solid salt and the acid. 

Aqueous solutions saturated with crystalline electrolytes form 
an important group of heterogeneous equilibria in solutions 
whose thermodynamic environment is a function of the ion con- 
centration. Take for example the equilibrium represented by the 
equation 

CA^C++A- 

where a solution is saturated with the solid uni-univalent elec- 
trolyte, CA. As explained in section 7 above, the general thermo- 
dynamic law for this equilibrium (equation 7) becomes 

• 

Pc+'Pa- = const. (35) 

where p represents the fugacity of the ion species indicated. 

In order to obtain a relation involving the concentrations of 
the two ion species in the solution, it is only necessary to know 
the relation between fugacity and concentration for each ion- 
species. We have already seen (XVII, 66) that the fugacity 
of an ion-species, while approximately proportional to its con- 
centration, increases rather more slowly than the latter. This 
may be conveniently expressed by the relation 

Pi = kCi-U(Cd (36) 

-^ where ft(Ct) is small in comparison with kd. If we combine an 
equation of this form for each ion species (C+ and A~) with 
:- equation (35) above, we have 

[C+][A-] = coDst.+f (Ci) (37) 

in which f (C») is a positive quantity small in comparison with the 
const, term. For many purposes the term f (C*) may be neglected 
in comparison with the constant and we may write equation 
" (37) in the following approximate form: 

[C+] [ Ai = const. = (aoSo) ^ (38) 
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where So is the solubility of the salt in pure water and ao its 
degree of ionization in this saturated solution. The validity of 
equation (38) can be tested by experiment. Suppose we have a 
saturated solution of the slightly soluble salt, TlCl. By addi- 
tions of KCl and of TINO3 respectively to this solution we can 
vary the values of [T1+] and [Cl~] in this solution through wide 
limits and can thus discover whether or not their product re- 
mains constant as required by equation (38). 

Experiments of this character have been carried out with a 
number of electrolytes and the conclusions reached may be 
summed up as follows: In sufficiently dilule solutions scUurated 
with a slightly soluble uni-univalent salt the product of the conceits 
trations of the ion species of that salt is constant. This statement, 
which is expressed mathematically by equation (38), is usuaDy 
known as the solubility-product law. It is more nearly true the 
less soluble the salt and the more dilute the solution. For most 
purposes it holds sufficiently well for all cases where the solu- 
bility of the salt and the ion concentration of the solution are 
both not more than a few hundredths of an equivalent per liter. 
An example illustrating the accuracy with which the principle 
holds for a specific case is shown in Fig. 41. This fiigure is based 
upon measurements made by Bray and Winninghof^ with^lu- 
tions of thallous chloride at 25°. The solubility of this salt in 
pure water at 25° is 0.01629 equivalents per liter. Its solubility 
in solutions of TINO3, KCl and KNO3 of varying strengths was 
determined and the values of the solubility product [T1+] [CI"] in 
these different solutions were calculated with the aid of the iso- 
hydric principle and are plotted as ordinates in the figure, corre- 
sponding values of the total-ion concentration of the solution, 
raised to the § power (Ct*), being plotted as abscissae. 

It is evident from this figure that the solubiUty product for 
this salt is not constant, but increases regularly as the total-ion 
concentration of the solution increases, being in fact approxi- 
mately a linear function of dK That is, the solubility product 
for this salt may be conveniently expressed by an equation of the 
form 

[C+][A-] = /b+/c'Ci^ (39) 

where h is approximately ^ and the constants k and fc' depend 
upon the nature of the ion species present in the solution. Tto 
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r equation has the same form as the Kraus equation, equation (20), 
Z\ ioT the ionization of strong electrolytes. The straight lines 
I! drawn in Fig. 41 are graphs of the equations indicated on the 
[^ figure. Although the solubility product very evidently increases 
" as the total-ion concentration increases, the change is not very 
]" rapid and for ion concentrations not greater than 0.04 (i.e., 
Ci = 0.2) the solubility product for thallous chloride may 
evidently be taken as constant within 10 per cent. For less 
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Fig. 41. — Illustrating the variation of the solubility product [Tl"*"] [CI"] 
in solutions saturated with thallous chloride and containing respectively 
the salts TlNOs, KCl, and KNOs at different concentrations. The point 
marked by the cross represents the value for a pure aqueous solution of 
thallous chloride. The total ion concentration for each solution is calcu- 
lated by means of the isohydric principle. This figure is based upon ex- 
perimental data obtained by Bray and Winninghof at 25°. 

soluble salts the magnitude of the solubility product and its rate 
of change with the ion concentration are both much smaller. 

The application of the solubility product law to salts of higher 
valence types (XV, 36) or to salts of any valence type when the 
solution contains a salt of a higher valence type is complicated 
by the presence of intermediate ions (XVII, 3) whose concentra- 
tions and equilibrium relations are not known. Thus, for 
example, the solubility product law for a solution saturated with 
PbCU would read 

[Pb-H-][Cl-]2 = const. (40) 
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and if either the chloride-ion concentration or the lead-ion con- 
centration of the solution were increased by the addition of a sah 
with the common ion, we should expect the solubility of the 
PbCU to be diminished. This is what actually happens when a 
chloride, such as KCl, is added to a saturated solution of PbCk 
When, however, a salt (Pb(N03)2, for example) having the 
common bivalent ion is added, the solubility of the PbCU may 
actually be increased. The addition of the PbCNOs)^ doubtless 
increases the lead-ion concentration of the solution somewhat, 
but at the same time it decreases the chloride-ion concentration 
owing to the occurrence of the reaction 

Pb+++Cl- = PbCl+ 

resulting in the formation of the intermediate ion, PbCl"*". This 
decrease in the chloride-ion concentration may more than com- 
pensate for the increase in the lead-ion concentration and can 
thus produce an actual increase in the solubility instead of a 
decrease. A general discussion of solubility relations when salts 
of higher valence types are involved can be found in papers* by 
A. A. Noyes, Bray and Harkins. 

Problem 31. — When conductivity water having a specific conductance of 
0.70- 10~" reciprocal ohms at 18° is saturated with silver iodate at this 
temperature, the specific conductance of the saturated solution is found to 
be 12.6X10"" reciprocal ohms. Calculate the solubility product {aoScY 
for AglOs at 18°. 

Problem 31 shows that with the aid of conductance measure- 
ments it is possible to determine the solubility product (aoSo)' 
without knowing either the solubility {So) itself or the degree of 
ionization (ao) in the saturated solution. 

Problem 32. — From the value of aoSo obtained in problem 31 compute the 
solubility of silver iodate at 18°, first under the assiunption that its degree 
of ionization in the saturated solution is the same as that of potassium iodate 
at the same concentration, and second under the assumption that it is the 
same as that of silver nitrate at the same concentration. 

Problem 33. — From the results of the preceding problems calculate the 
solubility, S, of AglOs (a) in a 0.01 molal solution of AgNOs and (6) in a 
0.02 molal solution of KIO3 at 18^ 

Problem 34. — From the results of the preceding problems calculate the 
amount of AglOj which will dissolve in a 0.02 formal solution of NH| at IS', 
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assuming that the complex ion, AgCNHs)*"**, forms quantitatively. (Cf. 
XV, problem 5 and XVIII, problem 13.) 
'* Problem 35. — The solubility of silver chloride in water at 25° is 2 mg. per 
liter. If a precipitate of AgCl is washed with 2 liters of wash water at 25°, 
how much AgNOs should the wash water contain in order to prevent the 
dissolving of more than 0.05 mg. of AgCl during the operation of washing? 
Assume equilibriimi to be established during the washing. 

Problem 36. — The solubility of thallous chloride is 0.0163 and that of 
thallous sulphocyanate 0.0149 mole per liter. How many grams of thal- 
lium can be obtained from 1 liter of a solution which is saturated with 
both salts at the same time? 

Problem 37. — State and interpret in the light of the facts presented in 
this chapter the effect on the solubility of cuprous iodide (Cul) produced by 
the presence of the following substances in dilute aqueous solution: (1) 
Cuprous chloride, (2) iodine, (3) cupric sulphate, (4) NHs, (5) lithium ni- 
trate, (6) a strong oxidizing agent, (7) sugar, (8) potassium iodide, (9) hy- 
drochloric acid, (10) acetic acid. State also, as far as possible, the relative 
magnitudes of the effects of the above substances. (See equation 74, 
XXIII.) 

Problem 38. — What would be the direction and relative magnitude 
(whether large or small) of the effects on the solubility of silver benzoate 
(iSo = 0.014 mole per liter) produced by adding separately to 1 liter of a 
saturated solution 0.05 mole of each of the following substances? Explain 
what occurs in each case. AgClOj, CeHsCOOLi, LiNOj, NHs, LiCN, 
HNOs, HCl. Benzoic acid is a weak acid. 



C. Temperature and Chemical Equilibrium 

10. The General Thermodjrnamic Law. — If A is the increase 
in free energy (X, 9 and 11) which is associated with the occur- 
rence of a chemical reaction at a constant temperature T, then 
it follows from the Second Law of thermodynamics, as formulated 
in equation (10, X), that this free energy changes with the tem- 
perature at a rate which is expressed by the equation 

dA Q 



AT T 



(41) 



For the chemical equilibrium, aA+6B+ . . . .<=±mM+^N+ . . . . , 
in the gaseous state at constant pressure this rate can be shown 
(Appendix, 15) to be 

(42) 
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where pu is the partial pressure of M, Vm is its molal volume, 
and similarly for the other substances. Combining this relation 
with equation (41) above gives (see equations 4 and 5) 

\ bT Jp^-Y (^^ 

where Hp, the heat-of-the-reaction (XIX, 5), is the heat evcked 
when the reaction as written takes place, at constant pressure, frm 
right to left, that is, so as to produce the substances A and B. 
If the substances involved in the equilibrium are all perfect 
gases, then as explained in section 3a above, 

^mvuiypM = RTb log. if ; ^J[ =RTb log. K, (44) 



and equation (43) may be written 

dlogei^p Hp 
dT "RT 



2 



(45) 



an equation which expresses the dependence of the equilibrium 
constant, Kp, upon the temperature. Hp, the heat-of-the-reac- 
tion at constant pressure, is evidently the heat evolved when the 
reaction takes place at constant pressure in such a direction that 
the products of the reactioi;! are those substances which appear in 
the denominator of the equilibrium expression, if „. 

If we formulate the equilibrium expression in terms of concen- 
trations instead of partial pressures (z.e., employ equation (8) 
instead of equation (7)), then it follows from the relation connec- 
ting Kp with Kc and the relation connecting Hp with Af/ (equa- 
tions (36) and (40), XIX) that 

dlog«^c_A[/ 

AT "RT^ ^^' 

where AC/, the increase in total energy which accompanies the 
reaction, is equal to the heat evolved when the reaction takes place 
at constant volume in such a direction that the products of the 
reaction are the substances which appear in the denominator of 
the equilibrium expression, Kc. 

Problem 39. — Deduce equation (46) in the manner indicated. 
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ai Equations (45) and (46) also hold for heterogeneoug_equilibria 
|i involving gases. Thuafor the equilibrium, aA+b'B+cC^mM+ 
tl ^^> we would write (Sec. 7) 



fjm 



fa nc 



"" =ifc (47) 



and AC/ would be the heat evolved when n moles of the substance N 

in the crystalline state reacted with m moles of the substance M 

in the gaseous state to produce a moles of the substance A and 

c moles of the substance C, both in the gaseous state, and 6 moles 

of the substance B in the crystalline state. 

By reasoning similar to the above (Appendix, 16), we can show 

that for equilibria (whether homogeneous or heterogeneous) 

in solutions of constant thermodynamic environment we have the 

relation 

dlogeif, MJ 



dr RT^ 



(48) 



which for dilute solutions assumes the form (see equations 12 and 

13) 

dlog^^AC/ 

dT RT^ ^^^^ 

where Af7 is the heat evolved when the reaction in the solution at 
T® and in constant thermodynamic environment takes place 
without the production of external work in such a direction as to 
produce the substances which appear in the denominator of the 
equilibrium expression. Equation (49) is known as the van't 
HoflF equation. 

Problem 40. — When water vapor is heated to high temperatures it 
dissociates partially into hydrogen and oxygen according to the equation 

2H20 = 2H2+02 (50) 

and the equilibriimi constant for this reaction at 1227** is 

%^=ii:, = 4.1210-'« (61) 

At 0** we have also the thermochemical equation 



H2+O2 = H2O+57,780 cals. (52) 

20 



CHEMICAL EQUILIBRIUM 

18 of a theorem formulated by LeChatelier* which may be 
:d as follows: If an attempt is made to alter any one of the 
ira {e.g., the temperature or pressure of the system or the 
;ity of any constituent of the system) which influence any 
ico-cheraical equilibrium, then a shift in the equilibrium will 
place in such a direction as to decrease the magnitude of the 
ation which would otherwise occur in that factor. 
>i example, if we add a certain amount of heat to any system , 
will increase the molecular energy of the system and pro- 
a corresponding rise in temperature, but if a physico-chera- 
iquilibrium exists within the system, this equilibrium will be 
aced in the direction in which heat is absorbed, and since part 
ic heat added to the system is used up in this process the 
laae in the temperature will be smaller than would otherwise 
le case. It therefore follows that increase in temperature 
ys displaces an equilibrium in the direction in which heat is 
rbed. In a similar way it is evident that increase of pres- 
will displace an equilibrium in the direction of the smaller 
me. 

the case of a chemical equilibrium, if the fugacity of any 
tance involved in the equihbrium be increased by increasing 
lole fraction, then the chemical equilibrium will bo displaced 
e direction which results in the disappearance of some of this 
!>ance. If, however, the fugacity of some inert substance not 
tly concerned in the chemical equilibrium {e.g., argon in a 
)UH mixture, or the solvent in a dilute solution) bemomentar- 
icreased by increasing its mole fraction, then the equilibrium 
K displaced in the direction of the larger number of molecules, 
ly this increase in the total number of molecules the mole 
ion, and hence also (in most cases) the fugacity, of the inert 
tance will not undergo so great a permanent increase as 
d be the case if no shift in equilibrium took place. 

iblem 44. — With tie aid ot the theorem ot LeChatelier predict as tar 
saible the direction in which the equilibrium will be shifted (1) by 
ising the external pressure at constant temperature and composition 
[2) by adding a large quantity ot some inert substance keeping the 
erature and external pressure constoJit, in the case of the reactions 

D the University ot 
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CHAPTER XXIII 

CHEMICAL EQUILIBRIA INVOLVING THE IONS OF 

WATER 

!• Scope of the Chapter. — From a purely practical point of 
view, if for no other reason, aqueous solutions are of more inter- 
est to the chemist than almost any other class of solutions with 
which he has to deal, because in most of the operations which the 
chemist carries out in solution, water is the solvent which he 
employs. We have already learned (XVI, 46) that water is 
itself ionized to a very slight extent into hydrogen ions and 
hydroxyl ions, and although the number of these ions is so small 
that pure water is, in fact, a good electrical insulator, the r61e 
which they play in many of the processes with which the chemist 
has to deal is nevertheless of the greatest importance, so impor- 
tant, in fact, that unless it is clearly understood many of the most 
common everyday operations of the laboratory cannot be intel- 
ligently carried out. 

The hydrolysis of salts and other substances, the proper use 
of indicators in titrametric analysis, the proper conditions for 
precipitation in gravimetric analyses, the catalytic action of 
water, the maintenance of neutrality, the dissolving of sub- 
stances, the percentage yield and the character of the products 
in many industrial processes are all examples of instances in 
which the part played by the ions of water is frequently of the 
most fundamental character. In the present chapter we shall 
consider in some detail a few of these instances in order to 
illustrate the application of the laws of chemical equilibrium in 
this important field and to give the student an opportunity to 
gain some facility in the application of these laws to specific 
cases. 

2. Definitions. — With respect to their ionization products in 
aqueous solution, electrolytes are classified as acids, bases or 
salts in accordance with the following definitions: 

309 
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» 

(a) Any electrolyte which gives hydrogen-ion (H+) as one of 

the direct products of its ionization is called an acid. The 
extent to which it ionizes in this way is a measure of its strength 
as an acid. 

(b) Any electrolyte which gives hydroxyl-ion (OH") as one 
of the direct products of its ionization is called a base. The 
extent to which it ionizes in this way is a measure of its strength 
as a base. 

(c) An electrolyte which gives at least one positive ion, other 
than H+, and at least one negative ion, other than OH"", as pro- 
ducts of its ionization is called a salt. 

(d) A salt may also give hydrogen-ion as one of the direct 
products of its ionization. It is then an acid as well as a salt 
and is called an acid-salt. 

Examples: 

NaHS04 =Na++H++S04 — (1) 

K2HPO4 =2K++H++P04 (2) 

COOH COO- 

I =NH4++ I +H+ (3) 

COONH4 coo- 

(e) If a salt gives hydroxyl-ion as one of the direct products 
of its ionization, it is a base as well as a salt and is called a basic 
salt. 

Examples: 

Fe(0H)2Cl = Fe++++20H-+Cl- (4) 



CH2NH3OHCOOK 



= K++CH2NH3OHCOO- 



Pocassium glycocollate 
and then 

CH2NH30HCOO- = +CH2NH2COO-+OH- (5) 

(/) Some substances give both hydrogen- and hydroxyl-ions 
as products of their ionization. Such substances are called 
amphoteric electrol3rtes. Zinc hydroxide is an example of such 
an electrolyte. 

Zn(0H)2 = Zn-H-+20H- (6) 

and 

H2Zn02 = H++HZn02- (7) 
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Aluminium hydroxide is another example : 

A1(0H)3 = A1++++30H- (8) 

and 

HsAlOa = H++H2AIOS- (9) 

or 

HA102 = H++A102- (10) 

The formula HsAlOs differs from the formula HAIO2 only by 
one molecule of H2O. Since we do not know the degree of hydra- 
tion of these substances in solution, it is frequently customary to 
write their formulas without any extra water attached to them, 
that is, HAIO2 is written in preference to HsAlOs or H6AIO4 or 
H7AIO6, etc. It may be that molecules corresponding to each 
of the above formulas are present in the solution. Similarly we 
might write the formula of the base AlOOH instead of A1(0H)8. 
As a base, aluminium hydroxide forms with acids the neutral alu- 
minium salts, such as AICI3, and basic salts, such as A1(0H)2C1, 
which latter salt might equally well be written AlOCl and 
called aluminyl chloride. As an acid, aluminium hydroxide forms 
with bases salts called aluminates (e.g.f KAIO2). In a similar 
way zinc hydroxide forms the zinc salts (ZnCU) and the zincates 
(KHZnOa). 

Amphoteric electrolytes must evidently have two ionization 
constants, one, Ka, for the ionization as an acid and the other, 
Ksf for the ionization as a base. Thus, for the ionization of 
arsenous acid HASO2 (or arsenyl hydroxide, AsOOH) we have 
for the acid dissociation 

HAs02 = H++As02- (11) 

and 

and for the basic dissociation 

AsOOH = AsO++OH- (13) 

and 

lSs^=^- = l-^-l^"(-*25») (14) 

The quantity [2;HAs02] in the above equations is used to repre- 
sent the total concentration of the un-ionized substance. That is, 
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[SHAsOa] means [As00H]+[As(0H)8]+[HAsO2]+[H,As0i]+ 
etc., the summation including all the diflferent forms in which 
arsenous arsenic exists in the solution as neutral molecules con- 
taining only one atom of arsenic per molecule. The number of dif- 
ferent kinds of such molecules present in the solutionis not known, 
but since they are all in chemical equilibrimn with one another the 
mass action law requires that the concentration of any one kind 
must be proportional to the concentration of every other IdnA 
This being the case, it follows from the principles of proportion 
that the concentration of any one species must also be proportional 
to the sum of the concentrations of all the species and we may 
therefore employ this sum in formulating the equilibrium expres- 
sion for the ionization reaction, instead of employing the con- 
centration of some one species. From equations (12) and (14) 
it is evident that arsenous acid is a stronger acid than it is a 
base. As an acid it forms the arsenites (KASO2) and as a base, 
the arsenyl salts (AsOCl). 

(g) Any aqueous solution in which [H+]>[OH~] is said to be 
add. If [OH~]>[H+], the solution is said to be alkaline. If 
[H"*"] = [0H~] the solution is said to be nevtral. The concentra- 
tion [H+] of hydrogen-ion in any solution may be called the 
true acidity of that solution and the concentration [OH"] of 
hydroxyl-ion in that solution, the true alkalinity of the solution. 

3. The Ionization of Water. — Every aqueous solution contains 
both hydrogen-ion and hydroxyl-ion owing to a slight ionization 
of the water itself according to the equation 

H20 = H++0H- (15) 

Water is therefore both an acid and a base, but since H+ and OH' 
must evidently be produced in exactly equivalent amounts, its 
strength as an acid must be equal to its strength as a base and 
pure water must, according to the above definitions, be neutral 
The mass action law for the ionization of water gives, in 
terms of fugacities (XXII, 36), 



PH+'POH- 
PHiO 



= const. (16) 



Now the partial vapor pressure of water from dilute aqueous solu- 
tions is not greatly different from the vapor pressure of puff 
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water. For example, the vapor pressure of water is changed less 
than 1.5 per cent, by dissolving enough KCl to form a 0.5n solu- 
tion. (See XV, 2.) For dilute aqueous solutions (say up to 0.1 
molal) we may, therefore, write Ph»o = const, without intro- 
ducing an error as great as 1 per cent. Equation (16) may 
then be written 

Ph+'Pok- = const. (17) 

• 

and, if we assume that the f ugacity of each ion-species is propor- 
tional to its concentration (XVII, 6fe), we have 



[H+][OH-]=ii:„ 



(18) 



or stated in words: In any dilute aqueous solution the product 
of the concentrations of H+-ion and OH"-ion in that solution is 
always equal to a constant quantity, K„, whose value depends 
only upon the temperature. K^, is called the ionization constant 
of water. Values of X^-IO^* for different temperatures are shown 
in the following table: 

Table XXVIII 
The Ionization Constant of Water at Different Temperatures 



f* 





18 


25 


50 


75 


100 


128 


136 


218 


306 


K„ lO^* 


0.09 


0.5 


1.0 


4.5 


16.9 


48 


114 


220 


461 


166 



Problem 1. — The specific conductance of perfectly pure water as deter- 
mined by Kohlrausch and Heydweiller at 18° is 0.0384- 10"' reciprocal ohms. 
With the aid of Table XXI calculate the ionization constant of water at 18°. 
Calculate also the true acidity and the true alkalinity of pure water at 18°. 

Problem 2. — From the values of Ky, at 0° and 50° respectively, as given 
in Table XXVIII, calculate the average value for the heat of ionization of 
water within this range. Compare your result with equation (35, XIX) 
and explain. 

4. Hydrolysis of Salts, (a) One Constituent Weak. — If the 
salt BA of the strong base BOH and the weak acid HA be dis- 
solved in water, it first ionizes 



BA = B++A- 



(19) 



giving A"-ion. There is always present H+-ion, also, owing to 
the ionization of the water, and we thus have present together the 
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two ions, H+ and A~, of the weak acid HA, and since in any solu- 
tion containing these two ions the relation 

[HA] "^^ ^^^ 

must be satisfied, it is evident that a certain amount of un-ionized 
acid HA must be formed by the reaction 

H++A- = HA -(21) 

The removal of hydrogen-ion from the solution by this reaction, 
however, disturbs the equilibrium 

H20 = H++0H- (22) 

and some more water must ionize in order to maintain the prod- 
uct, [H+][OH~], constant. We can express these three reactions 
conveniently in one equation by combining equations (19), (21), 
and (22), giving us 

(B++A-)+H20 = (B++OH-)+HA (23) 

or simply 

A-+H2O = HA+OH- (24) 

Reaction (23) (or (24)) is known as hydrolysis and the salt is 
said to be hydrolyzed. In writing hydrolysis reactions, and indeed 
all chemical reactions in solution, it will be convenient, for con- 
sideration of the equilibria involved, to write all strong electro- 
lytes in the ionized form and all weak electrolytes in the un-ion- 
ized form. 

From equation (24) it is evident that the hydrolysis of the salt 
of a strong base and a weak acid makes the solution alkaline since 
OH~-ion is one of the products of the hydrolysis. A solution of 
KCN, for Example, is strongly alkaline owing to the following 
hydrolysis reaction: 

(K++CN-) +H2O = (K++OH-) +HCN (25) 

* 

The alkalinity of solutions of NajCOj is due similarly to the reac- 
tions 

CO3— +H20 = HC08-+OH- (26) 

HC03-+H20 = H2C08+OH- (27) 

and 

H2C03 = H20+C02 (28) 
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I the COs is allowed to escape from a sodium carbonate solution, 
ill three of the above equilibria will evidently be driven toward 
he right and the alkalinity will be increased. The bicarbonate 
on, HCOs^y is an acid as well as an ion because it ionizes thus 

HCOr = H++CO — (29) 

bo give hydrogen-ion and carbonate ion. This is*also true of 
the intermediate ions of all polybasic acids. 

Problem 8. — ^Write the reactions for the equilibria which exist in a solu- 
tion saturated with crystals of CaCOs. From these reactions predict the 
effects on the solubility of CaCOs produced by adding to the saturated 
Bdution a small quantity of (a) nitric acid, (&). sodium hydroxide, (c) carbon 
dioxide. The ion, HCOs~ is an extremdy weak acid, very much weaker 
than carbonic acid, HiCOs. 

In the case of a salt of a weak base and a strong acid (aniline 
hydrochloride, for example), the hydrolysis reaction may be 
written 

(B++ A-) +H2O = BOH + (H++ A-) (30) 

or 

B++H20 = B0H+H+ (31) 

and the solution becomes add as a result of the hydrolysis. 

(b) Both Constituents Weak. — ^When the salt of a weak base 
and of a weak acid is dissolved in water both of the ions of the 
salt unite with the ions of water to form un-ionized mole- 
cules of the weak acid and the weak base respectively. The 
reaction may be represented thus 

(B++A-)+Et2b = B0H+HA (32) 

K the weak acid HA and the weak base BOH are of equal strength 
(^.«., if K^—Kb), the solution will evidently remain neutral. 
K the weak acid is stronger than the weak base, the solution will 
^come slightly acid as a result of the hydrolysis, while if the 
^^ak base is the stronger, the solution will become slightly 
^kaline. The hydrolysis of ammonium acetate, for example, 

(NH4++ Ac-) +H2O = NH4OH+HAC (33) 

leaves the solution practically neutral because the ionization 
^^nstants of ammonium hydroxide and acetic acid are almost 
identical. If the acid and the base are both extremely weak, the 
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salt will be almost entirely hydrolyzed and the solution will con- 
tain only the un-ionized molecules of the weak acid and weak 
base with very few salt molecules. The hydrolysis of a salt is 
evidently the reverse of the neutralization of an acid by a base. 

6. Degree of Hydrolysis. — Hydrolysis always occurs when the 
salt of a weak acid or a weak base is dissolved in water. The 
extent to which the hydrol3rsis takes place depends upon the 
ionization constants of the acid and base and upon that of the 
water at the temperature in question, and it can be calculated if 
these constants are known. The degree of hydrolysis^ h, is 
defined as that fraction of the total salt which has undergone 
hydrolysis. In order to make clear the factors which determine 
the extent of the hydrolysis we will now derive an expression for 
h in terms of the ionization constants involved. 

(a) One Constituent Weak. — ^We will consider first the hydro- 
lysis of the salt of a strong base and a weak acid in a soluti(n 
prepared by dissolving Cg moles of the salt in enough water to 
make the volume of the solution 1 liter. Cs will be called the 
total concentration of the salt in the solution. The hydrolysis 
reaction is 

(B++ A-) +H2O = (B++OH-) +HA (34) 

The equilibrium equations which must be satisfied in this solu- 
tion are evidently 

[HA] -^^ (^) 

and 

[H+][OH-] = ii:„ (36) 

for the weak electrolytes. We have also the following relations 
known as condition equations 

[aA] = hCs (37) 

[0H-] = ashCs (38) 

where as is the degree of ionization of the strong base, BOH, in 
the solution; and 

[A-]==as{l-h)Cs (39) 

where as is the degree of ionization of the unhydrolyzed po> 
tion of the salt, BA, in the solution. 



1 
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Eliminating [OH""] from equations (36) and (38) and making 
the obvious substitutions in equation (35) we have 

If we had employed a salt of a weak base instead of one of a weak 
acid, the corresponding equation would be similarly 

= v^ = Kh (41) 



{l — h)a3 Kb 

where K^ is the ionization constant of the weak base and a^ 
the degree of ionization of the strong acid in the solution. From 
these two equations it is evident that the degree of hydrolysis is 
greater the weaker the acid (or the base), that is, the smaller 
Ka (or Kb) is. Moreover, since K^, increases rapidly with rise 
in temperature '(see Table XXVIII) and Ka (or Kb) either 
increases slowly or else decreases, h also increases rapidly with 
the temperature. 

Since the strong base (or strong acid) which results from the 
hydrolysis has one ion in common with the unhydrolyzed por- 

tion of the salt, the ratio — (or — j which appears in equation 

(40) (or (41)) can be computed by means of the principle stated in 
problem 18, XXII, and, in so far as the approximate principle 
regarding the degree of ionization of electrolytes of the same 
type (XVII, 3) holds true, a a will be equal to ag and for approxi- 
mate calculations equations (40) and (41) may be written 

1 — f = K- = ^H (approx.) (42) 

(b) Both Constituents Weak. — If both the acid and the base 
are so weak that they obey the law of mass action, we may write 
the hydrolysis reaction thus 

(B++A-) +H2O = BOH+HA (43) 

and the following equilibrium equations must be satisfied in the 

solution 

IH+] [Ai 



[HA] 
[B+] [OHi 



-Ka (44) 



[BOH] =^^ (^^^ 
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and 

(H+IIOH-I-K-. W 

Theee when combined give us 

[HA] [BO H] K„ 
(B+]IA-] KbKa ^' 

Now one of the constituents, either the acid or the base, will 
usually be stronger than the other. Let us assume first that tbi 
base is the stronger of the two. The solution will, therefore, be 
somewhat alkaline and we will have the following condition 
equations; 

(HA]=AC3 m 

|BOHl+[OH-] = total hase = hCs (ii) 

[.\-] = as(.l-h)Cs 

\B^] = l\-] + [0}i'] = as(.l-h)Cs+aBhCa (H) 

Combimi^ thes<> condition equations with equation (47) giTtf 



(l-A)'c 



and 



has I KaK 



J+n 






(53) 

For Kg we ha^■e from equations (49), (50) and (51) above 

„ [B*|[0H-1 («^(l-A)Cs+aflAC^)(»i,AC^) ,^. 
'^»= IBOH] = (l-aa)ACs ^ ' 

and if wp im^xitse the condition that aa>p per cent., we fiod fw 
»ul>iit»ntiall>' all i-ast-s where A>aO per cent, that Kg must not 
t^viH'd U~*)'';sirty fi"* 'f «b2-p percent, and A > 50 per cent, 
thmi tt oau W sw^n by iitspevtion thai the quantity under tba 
BiHuiiil nulii*»l in t-qiwtiou (o3> will not differ from unity by more 
tluiii J;, pur (-('nt., and hem-e for an accuracy of p per cent. mKs 
w*> uiB,Y wviti' wiUHtiou (S3) in the form 
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ation (55) may, therefore, be used in place of the more compli- 
<1 equation (53), provided that /i>50 per cent, and provided 

that iiL5>^(l— /i)C5Yqq- If '^^^O per cent., equation (55) 
still be employed, if Kb is small enough, the exact con- 

Oh 11 

on being evidently that TTZTTf -^TTv^j where p is the percent- 
accuracy with which it is desired that Kg be known. 

X'oblem 4. — K the value of Kh is in error by p per cent., what will be 
«rror in the value of h computed from equation (55), when h is equal to 
^0 per cent., (6) 50 per cent., (c) 10 per cent., (d) 1 per cent.? 

Cn using equations (53) and (55) the best procedure is to employ 
^Lxxation (55) first in order to obtain an approximate value for 
Then using this approximate value, apply the two criteria 
'^A^en above in order to determine whether the use of equation 
) is justifiable for the case in hand. If this proves not to be the 
or if there is any question, the calculation should be repeated 
^^ith the aid of equation (53). In this repetition it will be suffi- 
iently exact to substitute the approximate value of Kg in place 

the expression 7737^5 — where it occurs under the second radi- 
cal in equation (53). ag when required can be computed from 
Equation (54). 

In all of the above discussion we have assumed that the weak 
Ibase is stronger than the weak acid. If the reverse is the case, 
'the derivation and discussion are entirely analogous, the final 
expressions differing from those given above simply in the substi- 
tution of the subscript A in place of the subscript B and vice versa. 

Problem 6. — Derive the relation corresponding to equation (53) for the 
case that the weak acid is stronger than the weak base and state the con- 
ditions under which the equation reduces to the form (55). 

By comparing equations (40) and (55) it will be noted that if 
only one of the constituents of the salt is weak, the degree of 
hydrolysis is approximately inversely proportional to the square 
root of the concentration of the unhydrolyzed salt, while if both 
constituents of the salt are weak, its degree of hydrolysis is nearly 
independent of its concentration. 

Problem 6. — Calculate approxunately the degree of hydrolysis of each 
of the following salts in 0.1 and in O.Oln solution respectively, at 25**: 
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KCy, PyCl, and PyCy. The ionization constants are, for hydrocyanic acid, 
HCy, 7.210-10; for pyridine hydroxide, PyOH, 2.2810-». Calculate ako 
the "true acidity'* and the "true alkalinity" (XXIII, Ig) of each of the 
above solutions. 

6. Experimental Methods for Investigating Chemical Equilib- 
ria which Involve the Ions of Water. — The manner in which 
the degree of hydrolysis of a salt can be calculated from the 
equilibrium constants involved has just been explained. It is 
clear that if we eould determine the degree of hydrolysis by direct 
experiment, we might then employ the equations just derived 
in order to compute the value of Ky, or Ka or JK"^. We shaD 
now proceed to consider some of the experimental methods which 
are employed in the measurement of degree of hydrolysis and in 
studying chemical equilibria in general in aqueous solutions. 
_ (a) The Conductance Method. — The specific conductance, 
L, of any solution containing a number of ions is expressed by 
the equation ^ 

lOOOL = S[X]Ax (56) 

where [X] is the equivalent concentration of the ion-species, X, and 
Ax is the equivalent conductance of that ion-species in the'Bolution. 
The summation extends over all of the ion-species present. 
(Problem: Derive this relation. See equation (29), XVI, and 
equations (2), (3), (4) and (5), XVII.) 

The Measurement of Hydrolysis by the Conductance Method,— 
As an example of the application of the conductance method to 
the measurement of the degree of hydrolysis of a salt of a strong 
base and a weak acid, let us consider a solution in which the 
hydrolysis equilibrium 

(B++ A-) +H20;=±(B++0H-) +HA (57) 

exists. For the specific conductance of this solution we have 

lOOOL = [B+] Ab. + [A-] Aa- + [OHiAoH- (58) 

(Question: Why is it justifiable to omit the term [H+JAh* 
from this summation?) If we substitute for each ion concentra- 
tion the expressions given in equations (38) and (39) and solve 
the resulting expression for h, we obtain 

1000L-Csa5(AB-+AA-) 



C5a5(AB++AoH-) — C'5as(AB*+AA-) 



(59) 
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We can also write (see equation (29), XVI, and equations (2) to (5), 
XVII) 

IOOOL5 = Csas(AB-+^A-) (60) 

and _ 

IOOOLb = Csa5(AB.+ Aa-) (61) 

where Ls is the specific conductance of the unhydrolyzed salt 
when its concentration is C^, and Lb is the specific conductance 
of a solution of the pure base BOH when its concentration is C5. 
Hence 

Equation (59), with Ax taken as equal to AOx for each ion, will 
give as accurate results as the conductance data justify, if the 
degree of hydrolysis is not too large. Equation (62) is more 
reliable but will require more measurements in some cases. For 
a salt of a weak acid and a strong base equations (59) and (62) 
also hold, if the subscript B is replaced by A, and 0H~ by H+. 

If the salt is one in which both the acid and the base are weak, 
the conductance method is also applicable, but the calculation i3 
in general somewhat more complicated than when only one 
constituent is weak and we shall not discuss the details of it here. 
Evidently the conductance method is of practical value only 
when the change in conductance due to the hydrolysis is large 
enough to make an accurate determination of its value possible. 

Problem 7. — The specific conductance of a 0.001687 normal solution 
of sodium acetate at 218** is 1.0171 -10"' reciprocal ohms. By adding suc- 
cessive small portions of acetic acid to the solution (the normality of the 
solution with respect to the salt being kept constant) it was found that its 
specific conductance could be reduced to 984* 10"' but no further. A 
0.001687 normal solution of NaOH has a specific conductance of 1.738' 10~* 
reciprocal ohms at 218**. Calculate the degree of hydrolysis of the sodium 
acetate at 218**. The degree of ionization of the sodium acetate may be 
estimated with sufficient accuracy from the data given in XVII, 4, and in 
Table XXII. 

Problem 8. — The great effect of temperature upon degree of hydrolysis 
will be appreciated by computing the degree of hydrolysis for the above 
solution at 25^. Look up the necessary ionization constants. 

The Determination of the Ionization Constant of a Very Weak 

Electrolyte. — As a second example of the application of con- 
21 
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^\l«tftnoo inotlidds to the study of chemical equilibria in solutica 
'We will oonsidcr tho determination of the ionization constant a 
A V«ry weak baao or acid, one which is so weak that the conduct 
t^Wi of its own \mrv snliition eaimot be measured with sufficien' 
d^urnvy to di^tcrminc its ioniiation constant in the usual way 
(Sw proWviu 2(1, XX U.) Suppose we wished to determine tht 
V«tu« t»f A'ji for the vw>- wwak base BOH. 

l#» L l* iho spwifii* cimduoiauce of a solution of the strong 
tifii\\ H.\ vi ».viu-eutrati«n C^ equivalents per liter. If we difr 
m^w ('k v<quiv«dculs of our weak l»3se iu 1 liter of the acid soJn- 
^^> tho sp«H.*t6t,- cuudtK^tancv of the insulting solution will beL', 
^^i^'^ will t><« 1««» th»u T. owini; to tho replsrement of some of the 
TCWy »oWte Ikytirustvi tons by the fc^ mobile B*-ions, as a result 
«ff tt* poirtial wv*urr««K«- of the' neutralizaboo reactJoa, 

BOH-F^H-+ A-) = 18-+ A-)+H,0 («) 

7«rtkft«kiitwa of ^ pnte mad «« taT« 

mi «Aw 1A» adtttiMi of tt» baee «« ham 

But 

nrf+-Pfi"-EA-r (») 

attdh^tt» 

=-LA-f(Jitt++Jy^)+i]RT(ABK-JMt*^J («) 

Ijuc since tJmtiWQ strong ttleetro^ttes^BLA ami BAfaaggfAe a* 
iuaic type nad. are ia sobifiiott tx^Btitmr liBwjr udD W Honid w 
fjra^tiuaUy the same degree (XXII. Sr) in iAb arikiAiH. TW 
Dciiurreuce of tite neu&ralittatnnt. reactimL (^^ «3I 
prudut:«j luuuh chaag!» iti.t^ ooBceitixatiiaiLQftABai 
^id wa may wril« 

|A-]=[.V-i' tappTQJt) 
,t^td yti combining, equations- (,ttS), (67) and.(ft^ wa-a 



liqiirtCioLS 1,69), 'iS), ■ fH>) ami (64) WB Shi 
' l.Au'+ A.r) (Aa^-Aart 



m-r 
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which combined with equation (18) gives us 

K K 

(Ah++Aa-) (Ah+-Ab+) 
Also 

[BOH]' = C.-[B+] = C.-g^0^) (72) 

and hence 

1000(1 -LQ K^ 

(Ah+-Ab+) lOOOZ 1000(1-10 

[B^llOH-]^ (Ah++Aa-) (Ah^-Ab') ,.^. 

[BOHr ""^^" 1000(1 -ro ^^^^ 

^^ (Ah+-Ab|+) 

Problem 9.— The specific conductance of O.ln HCl at 25** is 0.03952 
and it is lowered to 0.03886 by dissolving 0.0494 formula weights of J AS2O8 
in a liter of the solution. Calculate the value of Kb for the amphoteric 
electrolyte, arsenous acid. (See XXIII, 1/.) Aa80+ may be taken as 40 
and the other ion-conductances may be computed from Table XXI. 

(b) The Colligative Property Method. — The hydrolysis of a 
salt having only one weak constituent evidently (see equation 57, 
above) results in an increase in the concentration of solute mole- 
cules in the solution and a consequent lowering of the vapor 
pressure and the freezing point and an elevation of the boiling 
point of the solution. If we can measure the change in the mag- 
nitude of one of the above properties which results from the 
hydrolysis, we will have a measure of the increase in solute mole- 
cules resulting from the hydrolysis and consequently a measure of 
the degree of hydrolysis. This method is only applicable to salts 
of very weak acids or bases {Kx or K^KIO"^^) where the degree 
of hydrolysis is fairly large. The details of the method will 
become evident by the solution of the following problem where 
freezing-point lowering is the property chosen for measurement. 

Problem 10. — ^A solution prepared by dissolving 0.200 formula weights 
of KCl in 1000 grams of water has a freezing point of -0.681**. If 0.0900 
formula weights of AS2O8 be dissolved in this solution its freezing point is 
lowered to — ^i**. The freezing point of a solution prepared by dissolving 
0.2 formula weights of AsOCl in 1000 grams of water is —t2*. On the 
assumption that <i = 1.010 and <2 =0.974, calculate from the above data 
alone the degree of hydrolysis of arsenyl chloride at 0** and 0.2n. Then 
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with the aid of other necessary data calculate the ionization constant d 
arsenyl hydroxide. When AS2O3 dissolves in water it reacts thus 

As20,4-HaO = 2HAs02 

(See 1/, equation (14) above, for the meaning of the formula SHAsOs.) 

(c) The Distribution Method. — Whenever one of the molecular 
species concerned in a chemical equilibrimn in aqueous solution 
can be caused to distribute itself between the aqueous solution and 
some second non-miscible phase in such a way that its concentra- 
tion in the second phase can be accurately determined, then its 
concentration in the aqueous solution can evidently be calculated, 
if the law governing the distribution is known. The following 
problems illustrate the use of this method, which is of very general 
appliqation. 

Problem 11. — By shaking successive portions of a 0.03138n solution of 
aniline hydrochloride, AnCl, with 50c.c. of benzene at 25^ until equilibrium 
is established, the benzene layer on analysis is found to contain 0.5d38 
gram of aniline, CcHsNHj, per liter. (The value 0.5938 in this experimoit 
is an assumed value.) Assuming that the distribution coefficient of aniline 

Cb 

between benzene and a 0.03 138n aqueous solution of KCl is 7=?— = 10.1 at 

25**, calculate the degree of hydrolysis of the aniline hydrochloride in the 
water layer and the ionization constant of aniline hydroxide at 25". 

Problem 12. — A current of air is passed through a saturation apparatus 
made up of a series of tubes containing a solution having the composition 
1000 grams of water, 0.002 mole of HCN and enough KCl (about 0.2 mole) 
to produce the same aqueous tension as that above a 0.2 weight formal solu- 
tion of KCN. The composition of the solution in the last tube of the satura- 
tion apparatus does not change during the experiment. On emerging 
from the saturation vessel the air passes through an absorption vessel con- 
taining a solution of AgNOa. The air thus freed from HCN next passes 
through a second saturation apparatus just like the first but filled with a 
0.2 weight formal solution of KCN, and finally through a second absorption 
vessel containing a solution of AgNOs. The whole operation is so conducted 
that the air emerges at practically the same pressure as it enters the system 
and the whole apparatus is immersed in a constant temperature bath at 
50**. If m grams of AgCN are found to have been precipitated in the fiist 
absorption vessel and 0.93m grams in the second, what is the ionization 
constant of HCN at 50**? 

Problem 13. — When iodine is dissolved in a dilute aqueous solution of 
any iodide a large part of it combines with the iodide to produce tri-iodidc 

in accordance with the equation, 

* 

I2+I- = I»- (74) 
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An appreciable quantity, however, remains in solution as Ij-molecules in 
equilibrium with the iodide and .tri-iodide. The distribution constant of 
la-molecules between carbon tetrachloride and a dilute aqueous solution of 

H2SO4 is ^ * =85 at 25°. It has been found by experiment at 25° 

that a solution, prepared by dissolving 0.0801 formula weight of HI and 
0.0832 formula weight of I2 in enough water to form a liter, will be in dis- 
tribution equilibrium with a 0.112 molal solution of Is in CCI4. Another 
experiment showed that a solution prepared by dissolving 0.07295 formula 
weight of HI and 0.001373 formula weight of I2 in enough water to form a 
liter was in distribution equilibrium with a 0.00205 molal solution of It 
in CCI4. Conductance measurements show that the two acids HI and Hit 
are of equal strengths. (Cf . lo.) From these data compute two values for 
the equilibrium constant of reaction (74) at 25°. (HI and His are insoluble 
in CCI4.) 

(d) The Catal3rtic Method. — This method is applicable to salts 
of only one weak constituent and depends upon the fact that the 
rates of many reactions are catalyzed (XXI, 13) by hydrogen- 
ion and by hydroxyl-ion, the specific reaction rate being propor- 
tional to the concentration of the catalyzing ion. An application 
of the method has already been illustrated in one instance (prob- 
lem 8, XXI). 

Problem 14. — 2100 c.c. of a 7 per cent, cane sugar solution are prepared. 
This solution is divided into two equal portions, both of which are brought 
to a temperature of 100°. A 50-c.c. sample of each is removed, cooled to 
20°, and its rotation, Rj determined in a polariscope. To the remainder of 
one solution 0.1 mole of acetic acid and 0.1 mole of KCl are added and to 
the other (at the same time) 0.1 mole of aniline hydrochloride (AnCl), and 
both solutions thoroughly shaken. At measured intervals of time samples 
are withdrawn from each solution, quickly cooled to 20° (at which tempera- 
ture the rate of reaction is negligibly small), and polarized. Assume that the 
following results are obtained in such an experiment. 



Solution 


HAc+KCl 


AnCl 


t, in minutes 

R, in degrees. . . . 



10.66*» 


22 
2.43*» 


40 
-0.49*» 


00 



10.66° 


7 

3.19*» 


15 
- 0.71° 


00 
-3.62° 



At 100® the ionization constant of acetic acid is ll.l'lO"'. Calculate the 
degree of hydrolysis of 0.1 molal AnCl solution at 100** and the ionization 
constant of aniline, AnOH, at the same temperature. (See XVII, 4, and 
Table XXII.) To what extent will aniline acetate be hydrolyzed in 0.1 
molal solution at 100**? Why is the KCl added to one portion? 

Problem 16. — Outline fully a catalytic method for determining the 
degree of hydrolysis of potassium orthochlorbenzoate at 50**. 
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(e) The E.M.F. Method. — The characteristic electrode poten- 
tial of the electrochemical reaction . 

H2^2(-);:±2H+ (75) 

is a function of the hydrogen-ion concentration and of the thermo- 
dynamic environment in the solution in contact with the hydro- 
gen electrode (XVI, 46). 

Problem 16. — The E.M.F. of the hydrogen electrode in equilibrium with 
a 0.1 molal solution of aniline hydrochloride at 25** is found to be E volts. 
By experiment with different solutions containing both NaCl and HCl 
together, and having a total concentration of 0.1 mole per liter, it is found 
by interpolation that the E.M.F. of the hydrogen electrode in contact with 
a solution containing (0.1— a) mole of NaCl and a moles of HCl is also i 
volts. Calculate the degree of hydrolysis of aniline hydrochloride at 25' 
on the assumption that o = 0.00455 mole. 

(/) The Indicator Method. — The use of indicators for the 
purpose of determining the hydrogen-ion concentration of a 
salt solution is described in section 8, below. 

7. Solutions of Constant Hydrogen-Ion Concentratioiu Re- 
serve Acidity and Reserve Alkalinity.^ — When a drop of 0.5n 
acid is added to a liter of pure water the hydrogen-ion concentra- 
tion is increased at once more than 100-fold. Similarly when a 
drop of 0.5n alkali is added the hydroxyl-ion concentration is 
increased over 100-fold. In other words, pure water possesses 
no reserve power to neutralize even traces of acids or bases. For 
this reason the hydrogen-ion concentration of the best distilled . 
water of the laboratory is usually far from being equal to 10"' 
equivalent per liter at room temperature. It is instead a very 
uncertain and fluctuating quantity dependent upon the traces 
of acid or alkaline substances which the water happens to dis- 
solve from the air. For many purposes it is important to have a 
solution of a definite hydrogen-ion concentration which possesses 
the power of maintaining its '^true acidity" practically without 
change, even upon additions of strong acids or bases in small 
quantities. A solution which possesses the power of neutralizing 
both acids and alkalies and thus of protecting itself against both 
of them will be said to possess reserve acidity and reserve alkalinii^' 

Any solution which contains a weak acid together with its 
salt or a weak base together with its salt possesses this power. 
The true acidity of such a solution can be controlled by employ- 
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ing a weak acid or base haying the proper ionization constant. 
The mechanism by which a solution containing a weak acid, HA, 
and its salt, BA, protects itself against additions of small quan- 
tities of acids or bases is through the occurrence of the reactions 

A-+H+ = HA (76) 

and 

HA+0H- = H20+A- (77) 

by which the added acid or base is neutralized. From these two 
reactions it is evident that if the reserve acidity and reserve 
alkalinity are to be equal to each other, then [A~] should be 
equal to [HA], But 

[H+] = ^X^ (78) 

and hence 

[H+]=iiC^ (79) 

or in words, if the reserve acidity and reserve alkalinity are to be 
equal to each other, then the acid employed should be one whose 
ionization constant is numerically equal to the hydrogen-ion 
concentration which it is desired that the solution shall have. 
If a weak base is employed instead of a weak acid, the corre- 
sponding condition is evidently 

[OJi-]=KB (80) 

Problem 17. — It is desired to prepare a solution having the hydrogen- 
ion concentration [H+l. The best weak acid which is available happens to 
be one whose ionization constant is nfH*^]. Show that the ratio of salt to 
acid in the solution should be 

Problem 18. — Give complete directions for preparing a neutral solution, 
which possesses both reserve acidity and reserve alkalinity, by means of a 
mixture of the two salts NaH2P04 and Na2HP04. With regard to the 
ionization of its first hydrogen, phosphoric acid is a strong acid. The other 
two hydrogens ionize in accordance with the equations, 

and 
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Problem 19. — The solubility of COs in water at 25® and one atmosphen 
is 0.0338 formula weight per liter. What will be the true acidity of a 0.12 
formal solution of sodiiun bicarbonate, NaHCOsi which is saturated with 
CO2 at 25** and one atmosphere? The ionization constants of carlxmie 
acid at 25® are 

[H+][HCO,-] „,„ , ,^. 

and 

Neglect the influence of the salting-out effect. 

The actual magnitude of the reserve acidity or reserve alka- 
linity of a solution depends of course upon the total concentra- 
tion of the protecting materials. By means of the phosphate 
mixture mentioned in problem 18, it is possible to prepare a 
perfectly neutral solution which requires the addition of 0.5 
equivalent of HCl per liter before it will show an acid reaction 
to Congo red and which requires the addition of 0.6 equivalent of 
NaOH per liter before it will exhibit an alkaline reaction toward 
phenolphthalein. With distilled water, 5-10~* equivalents of 
either reagent would be suflScient to change the color of the indi- 
cator. The presence of weak acids and their salts in the saliva, 
in the blood, and in the other fluids of the animal body is respon- 
sible for the power which these fluids possess of protecting them- 
selves against a change in their hydrogen-ion concentration. 

8. Neutralization Indicators. — When a solution of a base is 
titrated with a standard acid, or vice versa^ the end point of the 
titration should occur when the amounts of acid and base em- 
ployed are exactly equivalent to each other. At the end of the 
titration the composition of the solution should, therefore, be 
such as would be obtained by dissolving the pure salt in the proper 
amount of water. Unless the acid and the base are of equal 
strengths, however, this solution will not be neutral because the 
salt will be hydrolyzed to some extent. The indicator employed 
in the titration should not, therefore, in general be one whoee 
color change occurs when the solution is neutral but rather one 
whose color change takes place when the solution has the parti- 
cular hydrogen-ion concentration which exists in a pure solu- 
tion of the salt formed during the titration. Since the standard 
solution employed in the titration should always be one <rf » 
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strong acid or base (in order that the hydrolysis of the resulting 
salt shall be as small 'as possible); it is evident that the choice 
of a suitable indicator will be determined by the ionization con- 
stant of the base or acid which is to be titrated and by the con- 
centration of the salt in the resulting solution. 

Indicators are weak organic acids (or bases) whose im-ionized 
molecules exist in two tautomeric forms^ in equilibrium with 
each other in the solution. One of these forms, HIn (or InOH), 
has the color A and is practically a non-electrolyte. The other 
form, HIn' (or InOH'), ionizes, and this form together with the 
indicator-salt, Bin (or InA), and the indicator-ion, In~ (or 
In"*"), has another color B. For a good indicator either A or B 
should be white or A and B should be two sharply contrasted 
colors. , 

For an indicator-acid the equilibria existing in its solution may 
be represented thus 

HIn ^HIn':ii±In-+H+ , , 

. . . — - — . (86) 

color A color B 

and for an indicator-base, thus 

InOH ^InOH'^In++OH- 

* • S f ^ \ 

color A color B 

For a good indicator the mass action constant 

[HIn'] . [InOH'] ^ ^... 

TTTj 1 = const, or ry fvTTi = const. (oo; 

should be extremely small, that is, the neutral molecules of the 

» The different colors of the two tautomeric forms are due to different 
configurations of the molecules. Thus the non-ionizing and ionizing tau- 
tomers of phenolphthalein are supposed to have the structures 

/C6H4OH 
C6H4— €< 

I ^C6H40H 

CO 

and 

CeH^ 



(87) 



x:;6H40-H 
x:j6H4=o 



C00-H+ 

respectively. Phenolphthalein is thus a dibasic acid and in an exact theory 
of its use as an indicator should be treated as such. [See Kosenstein, 
Jour. Amer. Chem. Soc, 34, 1117 (1912).] 
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and 

[Ii+] =KiJ^ (92) 

Now [HIn] in the case of an indicator-acid is the concentration 
of that portion of the indicator which exhibits the "acid color.". 
If 1—7 is the fractional part of the indicator which exists in this 
form, then evidently [HIn] = (l— 7)Cj and [Iir]=ai^Cj, where 
Cj is the total concentration of the indicator and ajs is the degree 
of ionization of the indicator-salt. Equation (92) therefore 
becomes 

[m]=KTA]P^ (93) 

In the case of an indicator-base, if 1 —y is the fractional part which 
is present in the form of the salt, that is, in the form which 
exhibits the "acid color," we have [In+]=a75(l—7)C/ and hence 

Except for the position occupied by the quantity ajs in 
equations (93) and (94) both equations have the same mathemat- 
ical form. For most problems involving the use of indicators 
ajs may be taken as practically equal to unity. If we make this 
assumption, equations (93) and (94) evidently are identical in 
form and may be written 

[H+]=Ki^^^ (95) 

Equation (95) is therefore applicable to any indicator, whether 
it be an acid or a base. Kj will be called the indicator-constant, 
y represents the fractional part of the indicator which is present 
in the form showing the *^ alkaline color'* of the indicator. If 
7 = 0.5, the indicator will evidently show its "neutral color" 
and equation (95) yields the important conclusion that the 
indicator-constant, Kj, of any indicator is equal to the hydrogen- 
ion concentration of the solution in which that indicator shows 
its "neutral color." This makes the determination of the indi- 
cator-constant of any indicator a comparatively simple matter. 
In general, however, it is not the value of Kj alone but rather 

(1-7) 
the value of the " indicator function," Kj , which it is impor- 
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tant to know for the different indicators. This is due to the fact 
that with some indicators the "neutral color" of the indicator is 
not taken as the end point in a titration, that is, some fracticm 
other than one-half of the indicator is transformed from one form 
to the other at the end point. The value of this fraction varies 
with different indicators and is determined by the sensitiveness of 
the eye to the color changes which occur and by the value de- 
manded for the indicator function in a given titration. Thus, for 
example, in using phenolphthalein the eye can detect the appetff- 
ance of the first flush of pink color more accurately than it could 
determine the exact intensity of red which corresponds to the 
transformation of one-half of the indicator from the colorless to 
the colored form. The value of the indicator function for any 
given value of 7, and hence also the value of the indicator-con- 
stant of any indicator, may be determined by observing in a 
colorimeter the colors displayed by the indicator in a graded 
series of solutions of known hydrogen-ion concentrations and 
noting in what solution the indicator displays the desired "trarO' 
formation color J^ A standard displaying this ^Hransformaticm 
color" is prepared by superimposing a tube of a solution showing 
the ''acid color" upon a tube showing the ''alkaline color," the 

(1-7) 
depths of the solution in the two tubes being in the ratio^^ 

T 
Table XXIX shows the colors displayed by a number of indica- 
tors in solutions of varying hydrogen-ion concentrations. With 
the aid of this table one can evidently ascertain roughly the 
values of the indicator-constant for these indicators and with a 
set of these indicators the approximate value of the true acidity 
of a given solution could be determined from the above table. 

Problem 20. — Which- of the indicators in Table XXIX show thdr 
"neutral color" in a solution which is actually neutral? A drop of phenol- 
phthalein added to a certain solution gives it a red color, but thymol- 
phthalein is colorless in the same solution. What is the hydrogen-k» 
concentration of the solution? 

Problem 21. — A solution is 0.01 molal with respect to acetic acid and 0.1 
molal with respect to sodium acetate. Will the solution react "acid" 
or "alkaline" to (a) methyl orange, (6) methyl red, (c) litmus, (d) phenol- 
phthalein? 

Problem 22. — A O.ln solution of methylamine hydrochloride gives » 
red-violet color with litmus and a yellow color with methyl red. hjp^vxor 
mately what is the ionization constant of methyl amine? A more carefol 
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investigation shows that with paranitrophenol the above solution gives t 
color which is identical with the color shown by the same indicator iiiien 
5 per cent, of it is transformed into its salt. The indicator-constant for 
paranitrophenol is 9-10~^ Calculate a more exact value for the ionisatkm 
constant of methyl amine. ' 

In titrating a strong acid or base in a solution containing no 
other acids or bases the indicator employed should theoretically 
be one whose indicator function has the value 10~'. Practically, 
however, almost any sensitive indicator can be employed in sudi 
a titration because the addition of the slightest excess of the 
standard solution produces a large change in the hydrogen-Ion 
concentration of the solution. If the acid or base to be titrated 
is weak or if the solution contains weak electrolytes in addition 
to the strong electrolyte to be titrated, then the indicator 
chosen must be one whose "transformation color" is reached al 
the proper hydrogen-ion concentration. The following problems 
illustrate the application of the above principles in choosing 
indicators. For a more extensive and detailed treatment of the 
theory of indicators and their application to titrametric analysis 
the student should consult the paper of A. A. Noyes.' 

Problem 23. — A certain monobasic acid whose ionization constant ia 
Ka is to be titrated. What should be the value of the indicator function 
of the indicator employed in the titration, if the concentration of the salt 
in the solution at the end of the titration is Cs equivalents per liter? 

Problem 24. — The ionization constant of butyric acid is 15-10~*. What 
should be the value of the indicator function of the indicator employed in 
titrating this acid, if the solution is O.ln at the end of the titration? If the 
"neutral color" of the indicator is taken as the "transformation color" 
in the titration, which of the indicators shown in Table XXIX could be 
employed? Which, if the solution at the end of the titration were only 
O.OOln with respect to the salt? 

Problem 26. — A solution contains equivalent amoimts of hydrochloric acid 
and two weak organic acids of ionization constants 3.2 -lO"' and 1.8- 10"", 
respectively. It is desired to determine the concentration of each acid by 
titrating with standard NaOH solution. If at the end of each titration the 
volume of the solution is 1 liter, calculate the value which the indicator 
function should have for each titration. From the indicators shown in 
Table XXIX select the three which appear to be the most suitable for the 
purpose. Note that the choice of the indicator for the HCl titration will 
be determined by the degree of ionization of the first of the two weak acids, 
the choice of the indicator for titrating the second weak acid will be deter- 
mined by the degree of hydrolysis of the salt of this acid, while the choice d 
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the indicator for titrating the first weak acid will be determined by a more 
complicated set of equilibria. Assume that about 0.08 equivalent of NaOH 
is required to titrate the HCl. 
, Problem 26. — Calculate the value of the indicator function for each of 
the three indicators suitable for titrating in succession the three hydrogens 
of phosphoric acid, assuming that the solution is O.ln with respect to the 
salt at the end of each titration. (See problem 18, above.) 

f The accuracy with which the end point of a titration can be 
i determined depends, other things being equal, upon the magni- 
:: tude of the change in hydrogen-non concentration produced by the 
3 addition of one drop of the standard solution as the end point is 
3 approached. This change is smaller, and the titration therefore 
.: less accurate, the weaker the acid or base which is being titrated. 

Problem 27. — Assuming that at the end of the titration of a strong acid 
' the end point can be detected within one drop (0.03 c.c.) of the O.ln solu- 
3 tion of NaOH employed, calculate in drops the sensitiveness of the end point 
- when the acid to be titrated has an ionization constant equal to (a) 10"*, 
■ (b) 10-«, (c) 10-«, (d) 10-10 and (e) lO-i*. Assume that the solution at the 
end of the titration has a volume of 1 liter and that it contains 0.1 equiva- 
lent of the salt. Assume also that the indicators employed are equally 
sensitive to a given absolute change in the hydrogen-ion concentration of 
t;he solution. 
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CHAPTER XXIV 
THE PHASE RULE 

GENERAL 

1, Composition-number and Component-number. — ^Eveiy 
physico-chemical system (I, 8) is composed of molecules of some 
kind or kinds and the composition of any phase (I, 8) in such a 
system may be expressed in terms either of the molecular fn»- 
tions (II, 6, problem 1) or the per cents, by weight of the differ 
ent molecular species which compose the phase. Consider mj 
phase which has attained a state of equilibriimi with its siD^ 
roundings at a given temperature T and pressure P. Let the 
phase be composed of the molecular species Si, Sa, Ss . . . Sr 
In order that the composition of the phase shall be complete 
determined it is first necessary that the values of the molecuitf 
fractions (or per cents, by weight) of a certain minimum number 
of these molecular species shall be designated. The minimom 
number (but not the kind) of molecular species whose molecular 
fractions or per cents, by weight must be so designated before the 
composition of the phase is completely determined will be called 
the composition-number, n, of the phase. If the system under 
consideration contains more than one phase, then the composi' 
tion-number of the system will be defined as equal to the largest 
composition-number of any of the phases of the system. 

The following examples will help in making clear the fflf- 
nificance of the term composition-number: 

(a) The condition of a phase containing only one species of 
molecule (pure gaseous argon, for example) is completely (^ete^ 
mined when its pressure and temperature are given. No speci- 
fication regarding its composition is required since the per cent 
of the given species of molecule can obviously have no value other 
than 100. The composition-number of any system contaixuni 
only one species of molecule is therefore zero. 

(Jb) A liquid consisting of a mixture of two pure subetao^ 
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(I, 26) contains two molecular species and the molecular frac- 
tion or per cent, by weight of at least one of these species must be 
designated before the composition of the phase is determined. 
Its composition-number is therefore one. 

(c) Liquid .water consists (XI, 2) of a number of different 
molecular species, H2O, (H20)2, (H20)8, H"*", and OH", all of 
which are in equilibrium with one another in such a way that, 
when the temperature and pressure are fixed, the molecular 
fraction of every species present is also fixed. The composition 
is thus completely fixed and determined by the temperature and 
pressure alone, no further information being required. The 
composition-number of the system is therefore zero. Note that 
when we say that the composition of the mixture called water 
is "completely determined" at a given temperature and pressure, 
we mean merely that there is only a single composition possible 
at that temperature and pressure. We do not mean to imply 
that the composition is actually known. 

(d) A gaseous phase prepared by bringing together hydrogen, 
water vapor and oxygen contains the molecular species H2, 
O2, H2Q and doubtless others. At ordinary temperatures in the 
absence of a catalyst the hydrogen, oxygen and water are not in 
chemical equilibrium with one another and before the composi- 
tion of the phase is completely determined it' is necessary to 
state the molecular fraction or per cent, by weight of at least two 
of the molecular species. That is, either the per cent, of water 
and the per cent, of oxygen, or the per cent, of water and the per 
cent, of hydrogen, or the per cent, of hydrogen and the per cent, 
of oxygen must be given before the composition of a phase com- 
posed of all three substances is completely determined. The 
composition-number of the phase is therefore two. At sufficiently 
high temperatures or in the presence of a suitable catalyst, the 
hydrogen, oxygen and water enter into a chemical reaction and 
reach a state of equilibrium with respect to this reaction. Under 
such conditions the composition of the phase will be completely 
determined, if the molecular fraction or per cent, by weight of a 
single molecular species be designated. The molecular fractions 
of the other two species are then determined by the fact that they 
must be such that they will satisfy the equiUbrium law expressed 

by equation (6, XXII) and at the same time fulfill the condition 
22 



338 PRINCIPLES OF PHYSICAL CHEMISTRY [Chap. XXIV 

that the sum of the molecular fractions of all the species present 
must equal unity. The composition-number of the phase is 
therefore one. 

We thus see that a system composed of a given number and 
kind of molecular species may have different composition-num- 
bers according to whether certain chemical equilibria are or are 
not reaUzed within the system, and since the realization or non- 
reahzation of a given chemical equilibrium is frequently depend- 
ent upon the time covered by the experiment, a given system 
might have one composition-number for experiments covering 
short periods of time and another composition-number for experi- 
ments lasting for much longer periods of time. The composi- 
tion-number of a system is, therefore, not in general a numto 
whose value can be predicted in advance of all experimental in- 
vestigation of the system. In fact with respect to ultimate and 
most stable conditions of equilibrium the composition-number of 
any system would have to be taken as one less than the number 
of chemical elements in the system. In actual practice, how- 
ever, the value of the composition-number of a given system i^ 
almost invariably obtained by means of the relation, (to be 
derived below) 

N=P + F-3 (1) 

where f is the number of variants (temperature, pressure and 
composition-percentages) which the system is found by actual 
experiment to possess when it contains p phases in equilibrium 
with one another under a given set of conditions. It is important 
that these facts with respect to the term composition-number 
should be clearly appreciated, as failure to do so is one of the 
common causes of error in applications of the phase rule. 

Problem 1. — What is the composition-number of a solution prepared by 
dissolving in water (a) sodium chloride; (6) acetic acid; (c) potassium nitrate 
and potassium chloride; (d) hydrogen; (e) potassium nitrate, sodium nitrate 
and potassium chloride; (J) potassium nitrate, sodiiun nitrate, potasoum 
chloride and sodium chloride. 

In most discussions involving the use of the phase rule it » 
customary to employ a quantity known as the componentHitUD- 
ber of the system, in place of the quantity which we have defined 
above under the name composition-number of the qrstem. ?f 
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the term component-number of (usually called ^'number of 
components" of) a system is meant nothing more nor less than 
simply a number which is greater by one than the composition- 
number of the system. It is, therefore, evidently quite immate- 
rial which of these numbers one chooses to employ in describing 
the character of the composition of a system. We shall find it 
convenient to make use of both numbers in what follows. 

2. Derivation of. the Phase Rule. — The factors which deter- 
mine the conditions of equiUbrium in any system are entirely 
, independent of the relative or absolute amounts of the different 
. phases present in the system and of the way in which these phases 
, are distributed throughout the system, provided that no phase is 
present in an exceedingly fine state of subdivision. 
Let us consider a system having the composition-number n and 
. the component-number c and containing p phases all in thermo- 
. dynamic equilibrium with one another. Let the phases be 
numibered I, II, III . . . p. In any given phase the f ugacities 
(XIV, 1) of all the molecular species will be determined as 
soon as the fugacities of c such species are determined and the 
f ugacities of each of these c species will be determined by the 
'temperature, the pressure and the composition of the phase, or in 
^dl by N-H2 independent variables. For example, for phase I we 
^would have 

V^^i^{F,T,x^,x^\xz^ . . . x^') (2) 

P2'=f2'(P, r, a^iSxA xa' . . . O (3) 

Pc' = fo'(P, r, xi', X2', xs' . . . a;/) (4) 

and similarly for phase II : 

Pi"=fi"(P, T,a;i",X2",X3" . . . x»") (6) 

P»"=f2"(P, T,a;i",X2«,Xs" . . . x„") (6) 

Pc"=fc"(P, r,a:i",a:2",a:3" . . . a:,") (7) 

and so on, for each of the other p phases. There are evidently 
involved in these p sets of equations the two variables P and T, 
the same for all phases, and n molecular fractions and c fugacities 
for each phase, or altogether, (pc4-pn4-2) variables* 
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the number of variables whose values must be designated before 
the condition of a system is completely determined, is called the 
^* number of degrees of freedom" possessed by the system. 

Problem 2. — What is the maximum number of phases which could exist 
in equilibrium with one another in a system prepared by bringing together, 
at ordinary temperatures, water, argon, sodiimi chloride, silver chloride, and 
ammonia. 

In using the Phase Rule as expressed by equation (12) or (13) 
the following facts, which were assumed in deriving it, should 
always be borne in mind. 

(1) All phases present in the system must be under the same 
pressure. 

(2) No phase must be present in such a fine state of subdivi- 
sion that the f ugacity of any molecular species contained in it is 
appreciably influenced by forces of the nature of surface tension. 

(3) Aside from composition no variables other than pressure 
ind temperature shall be allowed to influence the system or any 
3f its phases. This excludes such influences as electrostatic or 
electromagnetic fields, variations in the character or amount of 
radiant energy which falls on the system, the effect of gravita- 
tion, etc. If it is desired to consider the effects of variations in 
juch variables, the Phase Rule can be extended so as to include 
bhem, but equation (13) was derived on the assumption that such 
nfluences are absent. 

(4) The set of fugacity equations (2 to 7) for each phase was 
assumed to be independent of the fugacity equations of every 
Dther phase. If, therefore, in any system two phases should 
happen^ to have identical fugacity equations these two phases 
would be thermodynamically identical and should be classed as a 
single phase in the sense of the Phase Rule. Thus two crystals 
which differed from each other only in the respect that one was 
the mirror image of the other would, if composed of the same 
species of molecule, be classed as a single phase in the sense of the 
Phase Rule. 

(5) A system composed of isotopes, or in general any system 
in which the fugacity equation of one of the molecular species in 
each phase was identical with the fugacity equation of each of 
the other molecular species in that phase, would, as long as this 
condition remained true, apparently behave toward pressure and 
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temperature changes like a system with the component-number 
one, because instead of having c independent f ugacity equations 
for each phase we would have only one such equation. Thus, 
for example, the vapor pressure of a mixture of two optical iso- 
mers in the liquid state may be determined solely by the tempera- 
ture, being independent of the percentage composition of the 
liquid phase. 

According to the number of degrees of freedom which they 
possess and irrespective of their chemical composition or physical 
condition, all physico-chemical systems may be classed as eithff 
non variant, mono variant, di variant (or binary), trivariant (or 
ternary), or tetravariant (or quarternary), etc. 

i 
One-component SrsTEBis 

3. The Phase Rule Diagram for a One-component System.- 

The condition of a system whose composition-number is wo 
(and whose component-number is therefore one) is compktely 
determined by two variables only, the temperature and tie 
pressure, and hence all the relations involved in the Phase HA 
for such a system can be displayed graphically on a two-coonS- 
nate diagram which is called the P-T diagram. 

For a one-component system the Phase Rule (equation 12) 
becomes 

p+F = 3 (14) 

and, if P = l, P = 2. That is, before the condition of the systau 
is completely determined hoth its temperature and its pressure 
must be specified and, within the Umits of the existence of tk 
phase, both quantities may be fixed arbitrarily. Sucb a con- 
dition is evidently represented graphically by a surface and 
any system which possesses two degrees of freedom is said to 
be divariant. All one-component homogeneous systems ait 
therefore, divariant and will be represented on the diagram bf 
surfaces. 

If p=2, equation (14) gives f = 1. That is, the value rf 
only one of the variables, either the temperature or the pressuff- 
can be fixed arbitrarily. The value of the other vaiiaWe' 
determined by the system itself. A system possessing only ^ 
degree of freedom is said to be monovariant and is evictes^f 
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represented graphically by a curve. All one-component systems 
of two phases are, therefore, represented by curves on the P-T 
diagram. 

If P=3, equation (1,4) gives f=0. A system possessing no 
degree of freedom is said to be nonvariant and will evidently be 
represented by a paint. Every one-component system of three 
phases will therefore be represented on the P-T diagram by a 
point which is called a triple point. 

With this general analysis of the way in which phase relations 
are represented graphically the student should be able to inter- 
pret any phase-rule diagram for a one-component system. As an 
example of such a diagram we shall consider the one representing 
the system water. 

4. The System Water, (a) . Water at Low Pressures. — Rg. 
42 shows a portion of the phase-rule diagram for water. In 
such a diagram the areas representing the divariant systems are 
named or lettered so as to indicate the particular phase which 
each area represents. With this information and the scales of 
pressure and temperature indicated along the axes of the ordi- 
nates and abscissae respectively, the behavior of the system 
throughout the whole pressure and temperature range cove/'ed by 
the diagram is clearly displayed. 

In all the diagrams given in this book the following conven- 
tions will be employed. A full heavy line will indicate a stable 
univariant system which has been studied throughout the range 
covered by the line. A dotted line will be used to represent a 
metastable univariant system which has been studied throughout 
the range covered by the line. A light-weight line (whose posi- 
tion is estimated) will be used to represent a univariant system in 
a region where no actual measurements on the system have been 
made. By a metastable system is meant one which is in a super- 
cooled or superheated condition (IV, 9). 

Problem 3. — What are the possible nonvariant and the possible mono- 
variant systems composed of water in the region covered by Fig, 42? Why 
is the triple point not located exactly at 0°? (Cf. II, 5, and XXII, 11.) 

Problem 4. — Show with the aid of the Second Law of thermodynamics 
that the portion of the vapor pressure curve of a liquid which lies below the 
freezing point (i.e., the metastable portion) must always lie above the vapor 
pressure curve of the crystals. In a similar way it may be shown that the 
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prolongation of any curve beyond a triple point must lie betioeen the other 
two curves which meet at that point. 

Problem 6. — Take up in succession each one of the numbered dots in Rf. 
42. What is the condition of the system at the point represented by tltt 
dot? If the heat content of the system be (1) increased continuously and 
(2) decreased continuously at constant pressure, describe (as far as possibk 
from the diagram) the phase changes which will take place within the sys- 
tem, stating the temperature at which each change occurs. Give a simikr 
description of the phase changes which will occur if the pressure on the sys- 
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Fig. 42. — The System Water. Low Pressures. 



tern be continuously (1) lowered and (2) raised at constant temperature. 
Assume that the system remains in a condition of stable equilibrium through- 
out. 

(6) Water at High Pressures. — Fig. 42 covers a compara- 
tively small range of temperature and pressure. At higher 
temperatures we know that the vapor pressure -curve of liquid 
water keeps on rising until it comes to an end at the critical 
point (IV, 7) and the vapor pressure curve for ice probably 
decreases continuously and becomes zero at the absolute zero. 
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he course of the ice-liquid curve, however, which seems to 
36 vertically with increasing pressure, offers some interesting 
jssibilities. Does it continue to rise indefinitely or do new 
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bases eventually appear? This interesting question has been 
nswered by the recent researches of Tammann" and of Bridg- 

■ Guatav Tammann (1861- ). Professor of Inorganic Chemistry at 
le University of Gottingen, Germany. 
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man « vho have etudied this system up to many thousand I 
atmospheres. In order to display their results graphicaUy we I 
Bball have to reduce greatly the scale of the ordinates, in order 1 
to keep the diagram within the space of one page. The reduc- 1 
tion in the pressure scale will have to be so great that the whole 1. 
region covered by Fig. 42 will occupy an area of only about 10"' 1 
sq. mm. on the new diagram and hence will be entirely invisible. ] 
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Fig. 44.— The System Sulphui 



Low PreBsures. 



The complete diagram is shown in Pig. 43. At high pressurea 
several new crystalline phases have been discovered, known 
respectively as Ice II, Ice III, Ice V and Ice VI, ordinary ice 
being called Ice I. The regions of existence of these new kinds 
of ice are indicated on the diagram. Note that ice II has no 
melting point but has three transition points. The melting-point 

- -«v Williams Bridgman (1882- ). Research Fellow in PhjSM 

'Jniveraity. J 
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curve of ice VI slopes to the right. This is the normal behavior 
of the melting-point curves of most substances. 

Problem 6. — Solve problem 5, using Fig. 43. 

Problem 7. — With the aid of the theorem of LeChatelier state as far as 
possible from the diagram in Fig. 43 which of the various forms of ice are 
lighter and which are denser than water. 




100® 110<» 120° 130*> 140<» 150<» 160<» 
TEMPERATURE >- 

Fig. 45. — The System Sulphur. High Pressures. 

6. The System Sulphur. — A portion of the P-T diagram 
for sulphur is shown in Figs. 44 and 45. Two crystalline phases, 
monoclinic sulphur and orthorhombic sulphur, are included 
in the region covered by the diagrams. 

Problem 8. — ^What are the possible divariant, monovariant and nonvari- 
ant systems in the case of sulphur? 

Problem 9. — Solve problem 5, using Figs. 44 and 45. Consider also the 
cases which might arise if the system passed into the metastable regions. 

Problem 10. — Which has the greater density, (a) monoclinic sulphur or 
orthorhombic sulphur; (6) monoclinic sulphur or the liquid; (c) orthorhom- 
bic sulphur or the liquid? 
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Problem 11. — Show how one may determine^ by purely thermodynamie 
reasoning, which of the two crystalline forms of sulphur is the more soluMeii 
carbon bisulphide at room temperature. How could the transition tempenr 
ture be determined from solubiUty measurements? 

Two-component Systems 

• 

6. Space Models. — For a two-component system the Phase 
Rule gives f = 4— p and the maximum value which f can have 
is evidently three. Hence for the complete graphic representa. 
tion of a two-component system, three coordinates will be re- 
quired and three axes at right angles to one another, represent- 
ing respectively pressure, temperature, and composition, are 
usually employed for this purpose. Space models constructed 
in this way, while giving the most complete representation of 
the phase relations in a two-component system, are not weO 
adapted for representation on the printed page, and it is therefrae 
more convenient to discuss two-component systems with the aid 
of the various two-coordinate diagrams which are obtained by 
cutting sections from the space model of the system perpendicular 
to one of the axes. There will evidently be three groups 4)f such 
diagrams, the P-T diagrams, the P-C diagrams, and the T-C 
diagrams, respectively. The P-T and the T-C diagrams are 
usually the most important ones, and of the various T-C sections 
which might be cut from the space model, the one corresponding 
to P = one atmosphere is in most cases the only one which has 
been experimentally investigated. We shall take up a few typical 
examples of such diagrams. 

7. Vapor Pressures of Salt Hydrates. — ^A considerable number 
of different crystalline phases are frequently formed in a system 
composed of water and a salt. Thus, for example, stable crystals 
having the following compositions can be obtained, under suitable 
conditions, from a system composed of water and ferric chloride: 
H2O, FeCla, FeCl3-2H20, FeCU^IHaO, FeCU-SJHaO, and 
FeCl3*6H20. Let us consider first the P-T diagrams of the 
different crystal-vapor systems which can be formed from the 
above phases. With the aid of the Phase Rule and the principle 
governing chemical equilibrium in heterogeneous systems (XXII, 
8), the behavior of two-component crystal-vapor systems under 
equilibrium conditions can be easily predicted, as will be seen 
from the solution of the following problems. 
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^ Problem 12. — If the presence of the liquid phase be excluded, what are 
... the possible divariant and the possible monovariant systems which can 
^ be prepared from water and ferric chloride? 

Problem 13. — Is it possible for crystals of FeCU'S^HaO to exist in 
equilibrium with water vapor at more than one pressure at a given tem- 
perature? 

Problem 14. — ^A mass of crystals having the composition FeCU'GHaO 
is placed in a cylinder provided with a frictionless piston, and the initial 
pressure upon the piston is made so great that there is no vapor phase in 
the cylinder. Suppose now that the pressure on the piston be very gradually 
reduced to zero, the temperature remaining constant. If values of the 
- pressure and corresponding values of the volume of the system be plotted 
on cross-section paper as ordinates and abscissce respectively, what will 
be the general character of the diagram obtained? Assume that condi- 
tions of stable equilibrium are maintained in the system throughout the 
experiment. 

Problem 16. — Crystals having the composition CaCla'GHaO are obtained 
by cooling an aqueous solution. After drying the crystals as far as possible 
with the aid of a centrifuge, it is desired to remove the last remaining traces 
of adherent water by passing a current of air through and over the mass of 
crystals spread out in a long tube. What condition must be fulfilled in 
order that the dried crystals shall have the composition CaCla'CHaO? 
What would be the easiest and most certain method for producing this 
condition? 

Problem 16. — ^Under what condition will a crystal (a) deliquesce; (6) 
effloresce, when exposed to the air? 

8. Temperature-Concentration Diagrams. — If the pressure on 
a two-component system be kept constant at such a value that 
the vapor phase never appears in the system, we have only two 
variables at our disposal, temperature and composition. The 
composition may be expressed as the mole fraction or per cent, 
by weight of any molecular species present in the system, or it 
may also be expressed in terms of the per cent, by weight of any 
one of the chemical substances from which we choose to consider 
the system to be prepared, the term chemical substance, in this con- 
nection, being understood to mean any material which behaves 
like a one-component system. A temperature-composition dia- 
gram of this kind is much used in the phase-rule treatment of 
metallurgical systems and has many advantages. 

Instead of making the composition of the whole system one 
of our variables in the diagram we may take in its place the com- 
position of one of the phases. This is a common practice in the 
case of solutions in equilibrium with crystalline phases. Such 
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a diagram is called a freezing-pointHSolubility diagram and tb 
nature of the diagram for a very simple system has already beei 
discussed (XI V, 12, Figs. 23 and 24). We shall now proceec 
to a consideration of the more complicated freezing-point' 
solubility diagram which is obtained when the two constituents 
from which the system is prepared form a series of crystalline 
compounds with each other. 

Examples of such diagrams for systems composed of a salt and 
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Fig. 46. — The Freezing-Point-Solubility Diagram for Aqueous Solutions of 

Ferric Chloride. 

water are shown m Figs. 46 to 48. In these figures the ordinate^ 
represent temperature and the abscissaB per cent, by weight ol 
the salt in the solution. Any point in the area above and to tk 
left of the set of curves represents a one-phase system, namely, 
a solution having the composition and temperature indicated by 
the coordinates of the point. Since we have agreed to keep the 
pressure constant, a solution represents a divariant system. Any 
point on one of the curves represents a monovariant system, a 



Sec. 91 THE PHASE RULE 361 

solution (of the composition ^ven by the abscissa of the point) 
in equilibrium with a crystalline phase of the nature indicated 
by the label, on the curve. Points in the region below and to the 
right of the set of curves have obviously no meaning as far as 
stable systems are concerned, but for metastable systems 
(i.e., supercooled solutions) they would have the same signifi- 
cance as points above the curves. The conventions with regard 
to the use of full and of dotted lines, etc., described above (XXIV, 
4a), apply also to these figures. We shall now proceed to consider 
in detail some of the principal features of these diagrams. 

9. Eutectic Points and Melting Points of Compounds. — 
Suppose we start with pure water in equilibrium with a large 
excess of ice, and gradually add crystals of FeCU to the system. 
These will dissolve in the liquid water and the freezing point of 
the solution formed will fall gradually and continuously as 
shown by the ice curve in Fig. 46. When a temperature of 
— 55° is reached the further addition of FeCU to the system 
will not cause a further lowering of the temperature, but instead 
a second crystalline phase, having the composition FeCl3-6H20, 
will make its appearance, and since we now have three phases 
the system becomes nonvariant. This temperature, at which 
the ice and the crystalline hydrate, FeCl3*6H20, are both in 
equilibrium with the solution, is evidently a eutectic temperature 
(XIV, 12). After the appearance of this crystalline hydrate, if 
heat be abstracted from the system, the whole solution will 
solidify at constant temperature into a mechanical mixture of 
ice crystals and hydrate crystals in the proportions indicated 
by the abscissa of the eutectic point. 

Starting now at the eutectic point and having present a large 
excess of the hydrate crystals let us add heat to the system. The 
ice will gradually disappear and finally we shall be left with a two- 
phase system consisting of the solution and the hydrate crystals. 
If we continue to add heat, the temperature of the system 
will rise and more and more ferric chloride will pass into solu- 
tion. The variation of composition with temperature is indicated 
by the curve labeled Qaq in the figure. This is the solubility 
curve for the hydrate, FeCl3*6H20. Eventually the solution 
mil attain the composition 60 per cent. FeCla and 40 per cent. 
^ater. As indicated by the figure, a solution of this composi- 
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tion is in equilibrium with crystals of the hydrate at a tempente 
of 37°, which is the highest point on the solubility conre. tm 
composition of the hydrate crystals is also 60 per oenL DA 
and 40 per cent, water, so that this temperature is the mi6m 
point of these cr3rsta]s. If to a system composed of aystabrf] 
FeClj-GHsO and their melt we add either FeCIj or HjO, w 
should lower the freezing point (Cf . XI, 8) of the liquid. TU 
is shown in the figure by the falling away of the cunre on boft 
sides of the temperature 37°. The addition of water nodi 
cause the freezing point to fall until the eutectic point — 5a^ 
was reached once more. The addition of FeCU, however, wodd 
cause the freezing point to fall until the temperature 27.4° mi 
reached. Here a second crystalline hydrate having the cooh 
position FeCl3-3|H20 makes its appearance, and our S3r8tem 
again becomes nonvariant at this new eutectic point. 

The rest of the diagram will now be easily imderstood. There 
are evidently five stable eutectic points at thetenoiperatures— 55^ 
27.4°, 30.0°, 55.0°, and 66.0° respectively. One metastaUe 
eutectic point at the temperature 15° has also been realind 
experimentally. There are also four melting points of pure 
compounds shown, namely, FeCl3-6H20 at 37.0°, FeClj-Si- 
HjO at 32.5°, FeCU^^HjO at 56°, and FeCl3-2H20 at 73.5'. 
The shape of the solubilitj" curve in the neighborhood of the melt- 
ing point of a compound indicates in a general way the extent 
to which the compound is broken up into its constituents in the 
melt. A curve with a ver>' flat peak shows a high degree d 
dissociation in the melt, while a sharp peak shows that t he cn'stals 
of the compound melt practically without decomposition. I 

10. Transition Points. — The freezing-point-solubility diagram 
for the system water-zinc-chloride is shown in Fig. 47. The 
solubility curves for four crj'stalline hydrates appear on the 
diagram. Let us consider first the solubiUty ciu^e for the hy- 
drate ZnCls'-iHoO. Starting at the eutectic point, —62°, and 
gradually raising the temperature, the amount of zinc chloride 
in the solution increases as shown by the curve, and at a tem- 
perature of about —29.4° the composition of the solution would 
become the same as that of the crj-stak and this temperature 
would therefore be the melting point of the hydrate. Before 
this temperature is reached, however, a new crystalline hydrate 
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- ZjiCl2'3H20, makes its appearance in the system, and since we 

- now have three phases the system becomes nonvariant. The 

- temperature, —30°, at which this occurs is called a transition 

- point. If we should continue to add heat to the system at this 
' point, the reaction 

ZnCl2-4H20 = ZnCl2-3H20+H20 (15) 

would take place and the temperature would remain perfectly 
constant until all of the higher hydrate had decomposed, and 
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Fig. 47. — The Freezing-Point-Solubility Diagram for Aqueous Solutions of 

Zinc Chloride. 

we should be left with the mono variant system made up of the 
solution and crystals of the hydrate, FeCl3-3H20. If the lower 
hydrate should fail to appear when the temperature —30° was 
reached, we might succeed in carrying the system up to the melt- 
ing point of the higher hydrate, but the system would then 
evidently be in a metastable condition. Of the remaining 
hydrates shown in this diagram, evidently only the one having 

23 
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the formula ZnCl]-2}HiO has a stable melting point, h 
the case of the others a transition point intervenes in each b 
staDce before the meltii^ point is reached. The figure shovstiit 
existence of two stable and several metastable eutectic pcHii^ 
and four stable and one metastable transition point. 
Problem 17. — How would you prepare crystals of ZnCIi'HiO? 

11. Retrograde Solubility Curves and Metastable Compoanli. 
— In Pigs. 46 and 47 the solubility curves all indicate an in- 



!«,• 


_^( 1 1 M 1 1 1 


1 1 1 1 l_ 


»80' 

120° 


:\ 


- 


HO- 






"i 


\ \ 


- 


•°: 


] \ 


; 


" 


-\ \ 


~r-'. 






|X= 


30* 


=IV\ ~' 




'-S 


1 1 1 M 1~ 1 1 


'1 1 1 1 1 



a Solution! (1 

crease in solubility with rise in temperature and each of the com- 
pounds shown has a certain definite range of stable existem*, 
although the range of existence of the hydrate, ZnClj-HtO, h 
very short. In Fig. 48 is shown an interesting system in whid 
there are four crystalline hydrates, no one of which has iwi 
range of stable existence {at any rate under atmospheric pro- 
sure), the solubility curves being located entirely within the 
metastable regidn. Moreover, it will be noticed that the eolo- 
bility of the anhydrous salt decreases rapidly with rising tem- 
perature. This is also true of the solubilities of three at H* 
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hydrates. No transition points, no melting points of compounds, 
and no eutectic points have been actually observed with this 
system, although the approximate positions of several such 
points can be inferred from the directions of the curves. 

Problem 18. — ^With the aid of Fig. 47 describe the character and range 
of existence of each of the (a) nonvariant, (h) monovariant and (c) divariant 
stable and metastable systems which can be produced from ZnCU and H2O. 

Problem 19. — Describe the character and condition of each of the solu- 
tions represented by the numbered dots in Fig. 47. Describe in each in- 
stance the changes which may take place (1) if heat be continuously ab- 
stracted from the system and (2) if a current of dry air be passed con- 
tinuously through the thoroughly stirred system at constant temperature. 

Problem 20. — The same as problems 18 and 19, using Fig. 48. 

Problem 21.-^Explain the action of a mixture of ice and common salt as 
a freezing mixture. What determines the lowest temperature attainable 
with a freezing mixture? 

12. Mixed Crystals and "Solid Solutions.**— In the tem- 
perature-composition diagrams shown in Figs. 46 to 48 the com- 
position of only the liquid phase was subject to continuous 
variation. The different crystalline phases all had constant 
compositions. In some two-component systems, however, the 
crystals deposited on cooling a solution contain both constituents 
in continuously varying proportions, that is, the two constituents 
of the system are miscible in the 
crystalline state in all propor- 
tions. A two-phase system of 
this character consists therefore 
of two solutions, one liquid solu- 
tion and one crystalline solution 
(XI, 36) (called also '* solid solu- 
tion ")> in equilibrium with each 
other; and the temperature-con- 
centration diagram for the sys- 
tem must obviously contain two 
curves, one curve to represent 

the compositions of the liquid solutions and another curve to 
represent the compositions of the crystalline solutions which at 
the various temperatures are in equilibrium with each other. 

Diagrams of this character are shown in Figs. 49 to 61. The 
full line is the curve for the liquid solution and the long-dasb 
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line the curve for the crystalline solution. Evidently the fidd 
above the curves represents liquid solutions and the field bdow 
the curves, crystalline solutions. The field between the curves 
has no meaning as far as stable systems are concerned, but any 
point in this field might of course represent a supercooled liquid 
solution. It has not been found possible to superheai crystak 
The upper curve may be called the crystailizcUian-poirU cwme 
and the lower curve the meUing-point curve for the system. It 
is evident from Figs. 49, 50 and 61 that the crystallizatioD 
temperature of a liquid is sometimes raised and sometimes 
lowered by dissolving something in the liquid. (Cf . XII, 6.) 
As a general rule, the crystallization temperature is raised 
when the mole fraction of the '* dissolved substance" is greater 
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Fig. 60. — Freezing-Point-Solubil- 
ity Diagram for Mixtures of Stron- 
tium and Calcium Chlorides. 
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Fig. 51.— Freezing-Point-SolubO- 
ity Diagram for Mixtxires of d- and 
/-Carvoxime. 



in the crystals which separate than it is in the liquid solution 
which is in equilibrium with them, and vice versa. 

Problem 22. — Describe the character of the system represented by each 
of the dots in Figs. 49, 50 and 51. Describe fully in each case the changes 
which will take place, if heat be gradually (1) added to and (2) abstracted 
from the system. 

Problem 23. — A solution represented by each of the dots in the upper 
part of Figs. 49, 50 and 51 is subjected to fractional crystallization. What 
will be the character of the two fractions finally obtained in each instance? 
(See XIV, 19.) 

13. Systems Containing Two Liquid Phases of Variable Com- 
position. — Evidently whenever a two-component system con- 
tains two non-miscible solutions, whatever be the state of aggre- 
gation of these solutions, the temperature-composition dingram 



Sbc. 14] 



THE PHASE RULE 



357 



^ for the system must contain two curves in order that the variation 
y. of the composition bf both solutions with the temperature may 
be displayed. Systems in which one of the solutions is liquid and 
the other crystalline have just been discussed. Examples of 
similar diagrams for systems in which two Uquid solutions appear 
are shown in Figs. 52 and 53. 
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Fig. 52. — Temperature-Composition Diagram for the System Zinc-Lead. 

Problem 24. — Interpret the diagrams shown in Figs. 52 and 53. 

Problem 26. — Metallic silver and gold are much more soluble in molten 
zinc than in molten lead. With the aid of the facts displayed in Fig. 52, 
outline a method for extracting these metals from lead bullion containing 
only small quantities of the two metals. 

14. The Preparation of a Temperature-Composition Diagram. 
Cooling Curves. — In order to construct the temperature-com- 
position diagram for a given two-component system at constant 
pressure it is necessary to determine, at a suflBcient number of 
different temperatures, the compositions of both phases in all 
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of the two-phase systems formed. The most accurate met 
of accomplishing this is by chemical analysis of the twoplu 
which have been brought into equihbrium with each othei 
each of the measured temperatures. If the temperatures 
very high, however, this method frequently becomes v 
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difficult to carry out and in any event may be rather long. 
quicker method, applicable to any temperature range and s 
ciently exact for many purposes, is used extensively in the st 
of alloj*s. This method, known asthe method of "thermal an 
ais," is based upon the character of the coohng curves obtai 
with hquid mixtures of varying compositions. If we start i 
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a two-component liquid system and allow it to cool slowly, 
preferably with constant stirring, the curve obtained by plotting 
temperature against time is called the cooling curve of the mixture. 
As long as the system contains only the one Uquid phase the 
cooling curve will be a smooth, continuous curve.. If a second 
phase of different composition than the liquid phase appears, 
the cooling curve will show a sudden change in direction (a 
" break '')> because as the temperature continues to fall the 
composition of the liquid will change continuously. If the new 
phase has the same composition as the Uquid phase the tem- 
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Fig. 54. — Cooling Curves for Aqueous Solutions of Sodium Chloride. 

perature will remain perfectly constant (a "halting point") 
for a period, while the liquid phase is completely transformed 
into the new phase. If at any temperature three phases coexist, 
the system becomes nonvariant and a halting point will also be 
obtained and will continue until one of the phases disappears. 

In constructing temperature-composition diagrams from cool- 
ing curves it is customary to take the composition of the whole 
system as one of the coordinates instead of merely the compo- 
sition of one of the phases of the system. In such a diagram 
every point on the plane will have a definite significance, since 
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it will represent a system of definite composition in a definite 
state or states of aggregation. In the following problem the 
composition of the whole system should be taken as the abscissa. 

Problem 26. — Construct the temperature-compositioii diagram for the 
system NaCl-H20, using the set of cooling curves shown in Fig. 54. 

PoLY-COMPONENT SYSTEMS 

16. Complex Diagrams. — The complete phase-rule diagram 
for a system requires for its representation c+1 coordinates. 
As the component-number of the system increases, the diagrams 
which must be employed to represent the phase relations in the 
system become exceedingly complex and numerous. The 
consideration of systems with component-numbers larger than 
2 is beyond the scope of this book, and for the treatment of 
such system^ as well as for discussions of many interesting cases 
met with in two-component systems, which we have been 
obliged to omit entirely, the student is referred to special treatises 
dealing with the Phase Rule. Pindlay's The Phase Rule and Its 
Applications may be especially recommended. The methods of 
'thermal analysis'' as applied to the study of alloys are well 
presented by Ruer in his The Elements of Metallography, and the 
subject of aqueous salt solutions forms the topic of Janecke's 
Gesdttigte Salzlosungen vom Standpunkt der Phasenlehre. The 
most exhaustive and authoritative work on the Phase Rule is 
Roozeboom's Die Heterogenen Gleichgewicht. 



CHAPTER XXV 

DISPERSE SYSTEMS 

General Characteristics and Classification of Disperse 

Systems 

1. Disperse Systems and the Phase Rule. — If we imagine 
any phase within a given system to be gradually broken up into 
smaller and smaller particles, then as the size of these particles 
gradually decreases the surface of contact between this phase and 
its neighbors will correspondingly increase and the effects of 
forces of the nature of surface tension (III, 3) will gradually 
become more apparent, and these surface forces will eventually 
begin to be an important factor in determining the fugacities 
of the molecular species composing the system. Whenever 
this situation exists to an appreciable extent in any instance, 
we have what is called a disperse system or a dispersoid, and the 
Phase Riole in the form derived and discussed in the preceding 
chapter is no longer applicable to the system. (See XXIV, 2.) 
The influence of these surface forces is usually entirely inappre- 
ciable, however, unless the particles of the dispersed phase are 
of microscopic or submicroscopic dimensions, or unless the dis- 
persed phase constitutes a relatively large proportion of the 
system. 

The varied and peculiar properties and behavior displayed 
by disperse systems, which distinguish these important systems 
from the ordinary non-dispersed or aggregated systems, are due 
to the relatively enormous surface possessed by the dispersed 
phase. The degree of dispersion of a dispersed phase is usually 
defined as the ratio of its surface to its volume, or in other words, 
it is the surface exposed by 1 c.c. of the dispersed material. 

Problem 1. — What is the degree of dispersion of gold in a colloidal solu- 
tion of the metal made up of spherical particles 3 /*/* in diameter? What 
is the degree of dispersion of 1 gram of gold in the form of a sphere? 
Compare the two. (See problem 2, IX.) 

361 
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The ^^coUoidal soliUions'' described in Chapter IX are examples 
of disperse systems. Certain kinds of true solutions (that is, 
molecularly dispersed soltUions, Cf. XI, 1) in which one of the 
constituents is a substance of very high molecular weight (Cf. 
problem 9, XIV) frequently display many of the characteristics 
of disperse heterogeneous systems and are for this reason usually 
classified with them for purposes of systematic treatment. 

2. One -component Disperse Systems. — A system composed 
of a fine mist of liquid water suspended in water vapor is an ex- 
ample of a one-component disperse system. Such a system is 
a divariant instead of a monovariant one, however (Cf . problem 
3, XXIV), because the vapor pressure of a liquid in the form of 
small droplets is not determined by the temperature alone, but 
depends also upon the diameter of the drops. The smaller the 
drops, the higher will be their vapor pressure. A pure liquid 
in the form of a fine mist or cloud is therefore a metastable 
(XXIV, 4) system since the small drops have a higher vapor 
pressure than the larger ones, and hence the latter tend to grow 
gradually at the expense of the former, until they attain such a 
size that the influence of surface tension upon vapor pressure 
becomes inappreciable. 

If the individual drops in a fine mist are charged with an I 
electric charge, as would be the case if they were produced by 
condensation in an ionized gas (I, 2g), the presence of the charge 
will lower the vapor pressure of the drop, and since also the 
coalescence of the drops by mutual colUsions is hindered by the 
electrical repulsion existing between them, such a mist may per- 
sist for a considerable length of time. The presence of electrical 
charges on colloidal particles is a common phenomenon which is 
largely responsible for the comparative stability of many disperse 
systems. 

Not only is the vapor pressure of a substance in the dispersed 
condition different from its vapor pressure in the form of large 
aggregates, but its melting point, its chemical activity and 
many other properties are also different. The diflFerence is of 
course only one of degree, however, not one of kind, the variation 
in the magnitude of any given property with increasing degree 
of dispersion being a perfectly gradual one. The curve showing 
the relation between any given property and the degree of difr 



: Sbc. 3] DISPERSE SYSTEMS 363 

Si persion will have the same general form as the one mentioned 
2 in the following problem. 

r 

Problem 2. — With the aid of the Second Law of thermodynamics the 
^' following expression for the rate of change of the vapor pressure (p) of a 
! drop of liquid with the radius (r) of the drop can be derived: 

V>r/T {Vo-Voy^ ^ ^ 

where y is the surface tension of the liquid, Vo its molal volume and Vo 
the molal volume of the vapor. Show that if the vapor is a perfect gas and 
'y is a constant, the integral of this equation is practically 

RT log. ^=^^ (2) 

PA r ^ ^ 

where PA is the vapor pressure of the liquid in the aggregated or non-dis- 
persed condition (i.e., where r= »). Calculate the vapor pressure of 
water at 0® in the form of small drops when the radius of the drops is (a) 
10-S (6) 10-S (c) 10-», (d) 10-S (e) lO"* and (/) lO"* mm. respectively. 
(See problem 1, III, and Fig. 43 for additional data.) Construct a curve 
on cross-section paper showing the relation between the vapor pressure of 
water and its degree of dispersion. What effect will a variation of the con- 
stant y have upon the curve? 

3. Classification of Disperse Systems with Reference to the 
Nature of the Contact Surface. — Disperse systems may be 
grouped into the following four classes and subclasses in ac- 
cordance with the nature of the phases in contact: 

/. Contact surface, gas-liquid, (a) A Uquid dispersed in a 
gas. Examples: mist, fog, clouds, and spray, (h) A gas dis- 
persed in a liquid. Examples: foam, suds, and lather. 

//. Contact surface, gas-crystal, (a) Crystals dispersed in a 
gas. Examples: smoke, dust, and fumes of various kinds. (6) 
A gas dispersed in a crystal. Example: certain solid foams. 

///. Contact surface, liquid-liquid. Examples: emulsions of 
one Uquid in another. Milk is an emulsion of fats in water. 

IV. Contact surface, crystal-liquid. Crystals dispersed in a 
Uquid. A large number of the colloidal solutions and suspensions 
famiUar to the chemist are of this character. 

The last two classes of disperse systems are the most important 
ones and have received the greatest amount of attention from 
• investigators. The discussion of disperse systems in the follow- 
ing pages wiU be restricted almost entirely to these two classes 
of systems. 
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4. The Phenomenon of Adsorption. — ^When any solid material 
is brought into contact with a gas or a Uquid, the surface layer 
of the sohd dissolves or adsorbs some of each of the constituents 
of the gas or hquid with which it is brought into contact. The 
amount of adsorption in any given case is directly proportional 
to the area of the contact surface, but the proportionality constant 
is a specific constant characteristic of the chemical nature and 
physical condition of the two phases in contact. Evidently a 
highly dispersed material may exhibit a very large adsorbing 
power owing to the enormous surface exposed. 

A common example of adsorption is the behavior of findy 
divided porous charcoal in taking up large quantities of gases. 
This property is sometimes made use of in producing high vacua. 
For this purpose a bulb containing cocoanut charcoal is sealed 
to the vessel which it is desired to exhaust. The bulb is first 
heated to expel the gases already adsorbed in the pores of the 
charcoal and then, after closing the vessel and allowing the tube 
containing the charcoal to cool, a tube containing liquid air 
is brought up aroimd the bulb of charcoal which will then adsorb 
practically all of the gas contained in the vessel. A vacuum as 
high as 0.001 mm. of Hg may be conveniently obtained in this 
way without the aid of any pump. The use of powdered or ani- 
mal charcoal in decolorizing solutions is another instance of its 
high adsorptive power. 

Whenever a precipitate is produced in a solution it always 
carries down with it by adsorption somse of the constituents of 
the solution, and in nearly all colloidal solutions the dispersed 
phase contains adsorbed material on the surface of the colloidal 
particles. The phenomenon of adsorption is in fact a very general 
and important one. (Cf. XXI, 10.) 

6. Adsorption Equilibrium. — ^When any freshly prepared, finely 
divided substance (charcoal, or filter paper, or precipitated ferric 
hydroxide, for example) is shaken with a solution or a gas, it 
adsorbs a certain amount of each of the substances present in 
the solution or gas, and finally reaches a state of adsoiptioD 
equilibrium analogous to the distribution equiUbrium in the case 
of two immiscible solutions (XIV, 5). A large amount of 
experimental material dealing with adsorption equiUbria has 
shown that the following empirical equation proposed by 
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" Freundlich*" is a fairly satisfactory expression for the adsorption 

- isotherm: 

- ^=kC^/'' (3) 

m 

' where y is the amount of a.given material adsorbed by m grams 
of the adsorbent and C is the concentration of this material in 
the (dilute) solution, when adsorption equiUbrimn has been 
attained; k and h are characteristic empirical constants. 

The constant h varies in different cases between the compara- 
tively narrow limits h = 2 and A = 10, that is, within these 
limits it is independent of the temperature and of the natures of 
the adsorbent and the adsorbed material. The constant k, 
however, varies over a wide range, but usually the values of this 
constant for a series of substances in a given solution lie in the 
same relative order irrespective of the nature of the adsorbent.* 

6. The Optical Properties of Disperse Systems. — Many col- 
loidal solutions have a turbid or semiturfoid appearance when 
examined by transmitted Ught, while others appear to be per- 
fectly clear. Colloidal solutions of the metals in water are 
frequently beautifully colored, the color for a given metal de- 
pending upon its degree of dispersion. Many of them show also 
a pseudofluorescence. 

When a strong beam of light is sent through a colloidal solu- 
tion a diffuse cone of light (the "Tyndall* cone") is observed 
when the solution is viewed from the side against a dark back- 
ground. This reflected, or more accurately diffracted, light is 
plane polarized and is always produced when light passes through 
any medium containing particles whose diameter is small in 
comparison with the wave length of light. This principle of 
dark background illumination is made use of in the ultra-micro- 
scope, devised by Siedentopf*' and Zsigmondy,*^ with the aid of 

" Herbert Freundlich. "Extraordinary" Professor of Physical Chem- 
istry, Electrochemistry and Chemical Technology at the Technical Insti- 
tute in Braunschweig, Germany. 

^ John Tyndall (1820-1893). Professor of Natural Philosophy in the 
Koyal Institution, London. 

« H. Siedentopf . Chief of the Microscopy Division of the Zeiss Factory, 
in Jena, Germany. 

** Richard Zsigmondy (1865- ) . Professor of Inorganic Chemistry in 
the University of Gdttingen, Germany. 
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which individual colloidal particles as small as 3 Min in diamieter 
can be seen as small points of hght against the dark field. 

7. Degree of Dispersion and Solubility. — ^The solubility of a 
given crystalline substance in a given Uquid increases with the 
degree of dispersion of the crystalline substance. That is, a 
substance in the form of very small crystals is more soluble than 
the same substance in the form of larger crystalline aggregates. 
This is well illustrated by the experiments of Hulett" with barium 
sulphate. He found that water shaken with fine BaS04 powder 
dissolved 3.67 mg. of BaS04 per liter in 5 minutes, but at the end 
of 24 hours the dissolved BaS04 amounted to only 2.89 mg. per 
liter. The solution which was saturated with respect to the fine 
crystals was supersaturated with respect to larger ones and.the 
excess had slowly crystallized out of the solution in the form of 
the larger crystals. 

This behavior is taken advantage of in analyi^ical chemistry, 
where it is customary to digest or boil a BaS04 precipitate with 
the solution for some time before filtering, in order that the fine 
crystalline precipitate (which would pass through the pores of 
the filter) may have an opportunity to dissolve in the solution and 
recrystallize out again in the form of the less soluble larger 
crystals. The curve showing the relation between size of crj-stal 
and solubility will resemble in general the graph of equation 
(2). (See problem 1, above.) 

8. Methods of Preparing Colloidal Solutions. — ^Apparently 
any pure substance can be obtained in any desired degree of 
dispersion, from molecular dispersion (true solution) up to a 
coarse suspension whose particles settle rapidly under the influ- 
ence of gravity. The details of the large variety of methods 
which are available for this purpose cannot be entered into here. 
The various methods may, however, be grouped into two classes: 
(1) dispersion methods and (2) condensation methods. 

As examples of the first class may be mentioned (a) progress- 
ive mechanical division and (6) dispersion with the aid of the 
electric arc. The method of mechanical division consists in re- 
peatedly grinding the desired substance in a mill, together with 
some suitable inert material, and finally taking up the product 

* George Augustus Hulett (1867- ). Professor of Physical Chemis- 
try at Princeton University. 
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with a solvent in which the inert material forms a true solution. 
The inert material can then be removed by dialysis. (See Sec. 
15, below.) This method has been successfully employed by von 
Veimarn and Stein in a large niunber of cases. 

In the case of metals, Bredig* found that if an electric arc 
between two pieces of metal be formed within a Uquid, the 
cloud of metaUic vapor sent oflf from the arc remains in the Uquid 
in the form of a colloidal solution of the metal. Direct dispersion 
processes are frequently accompanied by and assisted by various 
"peptization'' processes as described more fully below (Sec. 14). 

The class of condensation methods includes all processes in 
which the dispersed phase is ''precipitated" out of a super- 
saturated true solution. The precipitation may be the result 
(a) of lowering the temperature, (6) of changing the thermo- 
dynamic environment (XIII, 1), (c) of bringing about a chem- 
ical reaction, or (d) of any two or all of these processes taking 
place simultaneously. 

The Formation of Disperse Systems by Condensation 

9. Von Veimam's Law of Corresponding States. — Aside from 
its importance as a practical means for obtaining substances in 
the disperse condition, the condensation method merits a rather 
detailed treatment because of the light which it throws upon 
the relationships between the different types of colloids and the 
conditions which control their formation and existence. The 
principles governing these conditions should apply to all cases 
where a precipitate is produced in a fluid, irrespective of the 
means by which the precipitation is brought about, but for the 
sake of concreteness we shall consider here only the production 
of a precipitate by a chemical reaction in a Uquid. 

Suppose we mix together V Uters of an n-normal solution of 
the substance AB with V Uters of an n-normal solution of the 
substance MN, which reacts with AB to produce nV equivalents 
of the slightly soluble substance AM and the same number of 
equivalents of the very soluble substance BN. The character 
of the AM precipitate obtained, its degree of dispersion and 

*» Georg Bredig (1868- ). Professor of Physical Chemistry at the 
University of Zurich, Switzerland. 
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general appearance, can be accurately described with the aid of 
a quantity which we shall call the dispersion coefficient^ d, of the 
precipitate. A great variety of experiments carried out by voo 
Veimam have shown that this descriptive coefficient is expressed 
by the following equation which holds (qualitatively, at all 
events) for all substances deposited as crystals by condensation 
out of any Uquid (III, 6): 

8 = o — rj'f^AB'kuN'kAM'kBN (4) 

Sp is the solubility, in equivalents per Uter, of the precipitated 
substance AM (in the aggregated condition), Np is the number of 
equivalents of the precipitate AM which must be deposited out 
of each Uter of the solution in order that its concentration shaD 
be reduced to Sp equivalents per Uter, rj is the viscosity of the 
solution, and k\B) ^mn; etc., are coefficients expressing the de- 
gree of complexity (either chemical or physical, or both) of the 
various substances (in solution) which are involved in the pre- 
cipitation reaction. For substances having a comparative^ 
simple chemical structure and which are not associated in the 
solution, the above equation could be written in the approximate 
form 

8 = -^V fo) 

These equations postulate a law, called by von Veimam* 
the law of corresponding states for the crystallization process, which 
may be expressed in words as follows: The degree of dispersion 
and the general physical appearance of crystalline precipitates 
are always the same irrespective of the chemical nature of these 
precipitates, provided that the precipitation takes place under 
'^corresponding conditions J' The conditions of two precipita- 
tions are said to be "corresponding" when the expression on 
the right-hand side of equation (5) (or, more generally, equation 
(4)) has the same value in both precipitations. The most im- 

Np 
portant quantity in these equations is the ratio ct-, which is 

op 

called the degree of supersaturation of the solution. 

** Peter Petrovic von Veimarn. Director of the Laboratory of Phyacil 
Chemistry in the Institute of Mines of the Empress Catherine II, »^ 
Petrograd. 
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Von .Veimarn has brought forward an abundance of experi- 
'" mental material for demonstrating the general validity of the 
above law. Using it as a guide, he has been able to prepare 
precipitates of such materials as NaCl, BaS04, A1(0H)3, AgCl, 
Agly and many others, with almost any desired degree of dis- 
persion ranging in each instance all the way from coarse and very 
obviously crystalline precipitates to gelatinous precipitates and 
thick transparent colloidal jellies. 

In order to make clear the action of the different forces which 
control the degree of dispersion and behavior of precipitates 
formed by the condensation method, we shall illustrate the 
application of equation (5) to the precipitation of BaS04 by 
means of a chemical reaction in aqueous solution. The experi- 
mental data employed will be those obtained by von Veimarn 
for this purpose and the interpretation and description of the 
results will be those given in his book,^ to which the student is 
referred for further details and also for a beautiful series of photo- 
micrographs illustrating the appearance of the diflFerent types of 
precipitates. 

The precipitate of BaS04 is obtained by mixing together equal 
volumes of equivalent solutions of Ba(CNS)2 and MnS04. The 
concentrations in the different experiments vary all the way from 



n 



90 000 *^ ^^' ^^^ *^® volumes chosen in each experiment are 

such that the condition VC = constant is always maintained. 

■' In other words, the total amount of BaSO^ precipitated after final 

: equilibrium is reached is the same in all of the experiments. 

For convenience in presenting and " discussing the results of 

I the experiments, the above concentration range is arbitrarily 

t divided into five regions, including respectively the concentration 
-? n n n n n 

; '*°8®^' 20;000 ^ 7000 ' 7000 *° 600 ' 600 ^'^ ^•^^"' ^•^^'' *° ^"^ ^""^ 

: in to 7n, approximately. Since the solubility of BaS04 in water 

; at room temperature is about 10""^ equivalents per liter, these 

ranges correspond to the following degrees of supersaturation : 

to 3, 3 to 48, 48 to 21,900, 21,900 to 87,600 and 87,600 to 

204,000, respectively. 

10. Precipitation from Solutions having Small Degrees of 

Supersaturation. (a) Range I. Concentrations between ^^^^ 

20)000 

24 



'VCIPLES OF PHYSICAL CHEMISTRY 

I zr::::- Values of ^^ between and 3.— The BaSO* uuM 
7000 Sp 

oulea pi'ixlufod by mixing these extremely dilute solutions wi 

bo iU»trilmtc(l through a very large volume of liquid. Til 

numher of crystal nuclei (VII, 1) which can form will therefoi 

be couipiirutiveiy small and they will be very far apart. Th 

aotubility of those first crj-stai nuclei will, moreover, be almost 

equal to the conceutration of the solution surrounding than 

(XXV. 7). and they will hence (see equation (14), XXI} baw 

very little tendency to grow and are likely to be frequently brokaa 

up by the collisions which they will experience owing to theirrapi 

Bi'owuian mo\'ement {IX, 1). At a few points in the solutiw 

however, especially around dust particles or inequalities suclia 

scratches on the surface of the containing vessel, a few crystl 

nuclei of large size and hence smaller solubility and less mobilit! 

will be formed. These will be comparatively stable and ml 

grow slowly into larger crjstals. 

The final result of the precipitation under these conditioifl 

will thus be the production, after a verj- long period of time, of* 

comparatively small nimiber of coarse crystals. The smal!« 

the degree of supersatu ration the longer will be the time required 

for complete precipitation and the laj^r and fewer in numbffl 1 

will he the crj-stab finally obtained. For concentrations Ijing 



requirrxi before the appearance of any precipitate could be 
detected. The lar^ BaSO, crj-stals found in nature are probably 
pnxliu'wi in this waj". Lar^ crj-sfcjls are also produced when 
Iho two s«.iiuiions are mixed topetber very gradually, the misJH 
pr\u.t>ss exteovUng ovw months or years. 

n n 

;,S^ RtOfC XL CcfKOBtntioas between ^rrr and ^ 

VahiP* of vi* betwMa S and tt.— The pteciiMtate obtained in 
Uii- n-^nvH »\«>*ists o» a fine powdw which under the micnwcope 
i> ,-..'.'11 rn K- rt'i(»i'«,'<s(\i wf ^«ukE pertev-tly fonned individual 
vi'.\»l»U. At l"""-,k),i,- s^*.""' a year »3 required for predpt* 
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of a month. At C= qqqq > an opalescence appears after 6-8 
hours and precipitation is nearly complete at the end of 24 hours. 
At C= onrio y ^^® opalescence appears after 2-3 hours and 10-12 
hours are required for the completion of the precipitation. At 
C= iAnn > opalescence appears in 3-5 minutes and the precipita- 

tion continues through 2-3 hours. At C = ^p|7^, opalescence is 

observed after a few seconds and the precipitation is nearly 
complete at the end of an hour. The degree of dispersion of 
the precipitate increases steadily with increasing concentration 
of the two precipitating solutions. The initial appearance of 
the precipitate in the form of a very large niunber of very small 
crystals, as the value of Np increases, is due to the fact that the 
chances of formation of crystal nuclei obviously increase under 
these conditions. 

(c) Suspension Colloids or Suspensoids. — When Np is great 
enough the large nimiber of nuclei formed in the solution give it 
a perceptible opalescence (see above, Sec. 6) and we have a typical 
example of a colloidal solution of the type known as a suspension 
colloid or a suspensoid. When water is the dispersion medimn 
this type of colloid is also sometimes called a lyophobic colloid. 
The disperse phase is called a sol, or in water a hydrosoL 

The most general distinguishing characteristics of this type of 
colloid seem to be the relatively small per cent, of disperse 
material in the system and the fact that the solution will, under 
suitable conditions, exhibit the phenomenon of cataphoresis. 

' rSee below, Sec. 12a.) As will appear more clearly later (Sec. 
lie), however, no sharp distinction can be drawn between the 

suspension colloids and the emulsion colloids pr gels, or between 

either type of colloid and a true solution, since they shade oflf 

gradually into one another. 

(d) The Stability of Suspension Colloids. — In the case of 
the BaS04 sol produced in the experiments described above, the 
stability of the colloidal solution is not very great. The small 
colloidal crystals gradually dissolve in the dispersion medium 
and recrystallize out as larger ones, which then fall to the bottom 
of the vessel in a fine powder. This " molecular recrystalliaation " 
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is also assisted somewhat by a process of "aggregation crystallm- 
tion" which consists in a direct union of the smal] crystals te 
form larger ones. It is thus clear that anything which wiiJ 
decrease the rate at which these two processes occur will increase 
the stability of the suspensoid. 

Decreasing the solubility of the BaS04 in the disperajon 
medium (by pouring alcohol into the solution, for example) 
will evidently retard the retry stallizati on process and will 
fact give a very stable BaSO* sol. It is for a similar reason thai 
an Agl sol prepared by precipitation in aqueous solution is much 
more stable than the corresponding BaS04 sol. The stability 
of a sol can also obviously be increased by increasing the vis- 
cosity of the solution in which it is formed or by adding to 
solution something which is adsorbed by the colloid particles so 
as to partially cover them and protect them against the solveDl 
action of the dispersion medium. Or the adsorbed substance 
(especially if it is an ion) may actually lower the solubility of 
the dispersed substance. The presence of an electric charge on 
the particles will also prevent almost eiitirely the process of 
"aggregation crystallization." Decrease in temperature fre- 
quently increases stability also because the solubility of the sol 
is usually thereby decreased while the viscosity of the disperaon 
medium is at the same time increased. 

The suspensoid stage in condensation processes can be realiad 
(in principle, at least) for every substance which can be produced 
by precipitation from a liquid. All that is necessary is to Joalct 
the precipitation under the conditions which define the deairtd 
dispersion coefficient. These conditions are described by 
tion (4) or in simple cases by equation (5). It is thus clear th*t 
suspension colloids do not represent any particular class or kind 
of substances. Instead they correspond simply to a condition 
of dispersion which can be realized (at least in principle) wit'' 
any substance wkaleva: 

(c) Range HI. Concentrations between rrr and O.T*". 

Values of z,- between 48 and 22,000.— The precipitates obtained 

Sp 
in this range of concentrations are secondary growths, such >f 
needles, skeletons and star-shaped masses. The sus] 
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stage has only a very brief existence and is entirely inappreciable 
stt the higher concentrations. At C = 0.75/1 the small needle- 
shaped crystals can barely be recognized as such under highest 
powers of the microscope. 

11. Precipitation from Solutions having Large Degrees of 

Supersaturation. (a) Range IV. Concentrations between 

Np 
0.76n and 3n. Values of -^ between 22,000 and 87,600.— As the 

concentrations of the solutions increase within this range, the pre- 
cipitate, at first granular, becomes curdy, then flaky and finally 
gelatinous in character. These so-called amorphous precipitates 
(Cf. VII, 3) are, however, composed of crystals too small to be 
identified even with the highest powers of the microscope, as 
von Veimarn has succeeded in proving. 

(b) Range V. Concentrations between 3n and 8n. Values 

Np 
of g^ between 87,600 and 204,000.— The drops of the Ba(CNS)2 

solution which fall into the MnS04 solution cover themselves 
quickly with a clear transparent gelatinous membrane which 
gradually clouds up and then falls to pieces in a voluminous flaky 
cloud of precipitate. At C = 4n, this cloudiness appears very 
quickly. At C = 5n, the drops settle to the bottom and if 

- the solution is shaken or stirred, it sets completely to a stiff jelly. 
This behavior is even more pronounced at C = 6n and at C = 7n 

-and the jelly remains clear and transparent for hours, but 
^ eventually clouds up and falls to pieces in a white cloud of flaky 

- precipitate, owing to the gradual decrease in the degree of dis- 
-persion, resulting in this instance almost entirely from the 

process of "aggregation crystallization." 

If the Ba(CNS)2 solution is added drop by drop without shak- 
ixigy the drops, covered with the transparent gelatinous mem- 
brane, collect in the bottom of the vessel in the form of a coarsely 
Cellular jelly. The gelatinous cell walls in this jelly constitute 
Semipermeable membranes (XII, 7). Osmosis through these 
gelatinous walls therefore takes place and the whole mass swells 
Up and appears to suck up all or a large part of the hquid in the 
vessel, Uke a sponge. This phenomenon of "swelling" in 
tsontact with liquids is exhibited by many colloidal gels. The 
ordinary rubber cement of commerce is produced by allowing 
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rubber, which is a colloidal gel, to ''swell*' in contact with 
benzene or other suitable Uquid. 

(c) Emulsion Colloids. — A colloid whose solutions possess 
the power of gelatinizing or forming a jelly (more especially if the 
process is reversible with respect to the temperature) is frequently 
called an emulsion colloid or an emulsoid. These terms are 
rather loosely used, however, and according to von Veimam 
should be restricted to colloidal solutions in which the particles 
of the sol are in the liquid state of aggregation. The high con- 
centration of the disperse phase arid the high viscosity imparted 
to the solution seem to be the most common characteristics of 
the type of gel-forming colloids. Many organic substances, 
such as gelatine, agar-agar, and albiunin, form colloidal solutions 
of this character in water. They are also called lyophilic colloids 
and hydrogels. 

In this case also it should be remembered, however, that in 
principle any substance whatever can be obtained in the form of 
a jelly by condensation under the proper conditions. The sub- 
stances, such as gelatine and agar-agar, which we most commonly 
associate with this gel formation do not constitute a particular 
class of substances in this respect, but rather a gel or an emulsion 
colloid represents a condition of dispersion and concentration 
which any substance may assume. Similarly gelatine, agar-agar,, 
and other Uke substances can and have been obtained in the 
form of typical suspension colloids and some of them even in 
the form of comparatively coarse crystals. The behavior of 
emulsoids is considered further below. 

The Properties and Behavior of Colloidal Solutions 

12. The Electrical Properties of Colloids, (a) Cataphoresis.-' 

By the adsorption of ions of electrolytes present in the disper- 
sion medium and in some instances apparently by ionization of 
the colloid itself, the particles of a colloidal solution are often 
electrically charged (either positively or negatively) and the soh- 
tion may therefore possess a higher conductance than the dis- 
persion medium (the " intermicellular liquid") alone. Thf 
particles of the disperse phase will therefore behave like ions 
and will migrate through the solution under the influence of as 
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E.M.F. This electrical migration is called cataphoresis and 
can be advantageously employed in manyj-cases to concentrate 
and partially separate the disperse phase, from the bulk of the 
dispersion medium. 

(6) Coagulation by Electrolytes. — If to a solution of a sus- 
pensoid an electrolyte be added, the two ions of the electrolyte 
will be adsorbed by the suspensoid particles, but both ions will 
not be adsorbed to the same extent. With increasing concen- 
tration of the electrolyte a point will therefore eventually be 
reached where the original charge of the colloidal particles will 
become neutraUzed by the adsorption of the oppositely charged 
ions of the added electrolyte. As this point is approached the 
stability of the sol decreases and at a certain definite concen- 
tration of the added electrolyte, coagulation and precipitation 
of the sol will take place. (Cf. Sec. 2.) The optimum coagulating^ 
concentraiion of the electrolyte is more sharply defined the more 
uniform in size the particles of the sol are, and its value varies 
with the nature of the sol and the nature of the added electrolyte. 
The coagulating powers of electrolytes as a rule increase rapidly 
with the valence of the active ion. Thus the alkali cations 
are usually all about equally, efficient in coagulating a negative 
colloid, but the efficiency of Ba++ and still more that of A1+++ 
is much greater. This is illustrated by the data in Table XXX. 

TAfeLB XXX 

Concentrations (in milli-moles per liter) of various electrolytes required 
to coagulate 1.9 grams of the negative colloid, AS2S3. Experiments by 
Freundlich. 



KCl 


49.5 


MgCla 


0.717 


AICI3 


0.093 


KNOs 


50.0 


CaCla 


0.649 


Al(N03)s 


0.095 


NaCl 


51.0 


BaClj 


0.691 






LiCl 


58.4 


Ba(N03)2 


0.687 






HCl 


30.8 











Whitney* and Ober found that the amounts of the coagulating 

ion adsorbed by coagulated arsenic trisulphide were in the ratio 

of the equivalent weights of the metals constituting the ions, 

thus indicating that the neutralization of the electric charge on 

the colloid particles is the factor responsible for the coagulation. 

* Willis Rodney Whitney (1868- ). Director of the Research 

Laboratory of the General Electric Company, Schenectady, N. Y. 
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The coagulation of mtspensoids by electrolytes is a reveraUe 
process, that is, on washing out the adsorbed electrolyte, the 
Euspensoid goes into solution again. The coagulation of the 
emulsoids, on the other hand, is frequently irreversible or difficultly 
reversible and usually requires much larger quantities of the 
electrolyte. 

Colloids of opposite signs also possess the power of coagulating 
each other when their solutions are mixed together. Thus 
coagulation takes place when a solution of the positive suBpensoid 
ferric hydroxide is mixed with a solution of the negative sils- 
pensoid arsenic triaulphide. Coagulation by heating, cooling, 
and by evaporation of the dispersion medium also occurs. 

13. Protective Colloids. — Emulsion colloids, such as 
and gelatine, when coagulated by evaporating off the water 
will dissolve again on the addition of water, while the suspension 
colloids, such as the metal hydrosols, when treated in the same 
way do not pass into solution again. A distinction between 
"reversible" and "irreversible" colloids is sometimes made 
this basis. The addition of a small quantity of a reversible colloid 
to a solution of an irreversible colloid confers upon the latter 
the property of reversibihty. It also renders it more stable in 
every way, even protecting it to a considerable extent against 
the coagulating effect of electrolytes. The protective action is 
probably due to the formation of an adsorption layer of the emul- 
sion colloid over the surface of the particles of the suspenaon 
colloid. The use in this way of "protective colloids" for in- 
creasing the stability of solutions of suspensoids is a very im- 
portant one and finds frequent application. Thus the gelatine 
on a photographic plate acts as a protective colloid for the silver 
chloride sol. 

The relative amounts of different protective colloids necesssn- 
in order to protect a standard gold hydrosol against coagulation 
bj* a standard NaCl solution are called the "gold numixrt" 
of the protective colloids. These gold numbers vary all thewaj 
from 0.005 for gelatine to 12 for potato starch. 

14. Peptization .^When a finely divided coagulated precifH- 
tate, such as AgCl, is brought into contact with an aqueous solu- 
tion containing a suitable substance at the proper concentration, 
it will pass into solution again as a colloid. This process, wbi^ 
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is the reverse of coagulation, was given the name "peptization'* 
by Graham,** because of its apparent analogy to the solvent 
action of the digestive fluids. It is not infrequently made use 
of in preparing colloidal solutions. According to von Veimarn 
the process of peptization is governed by the following conditions: 
(1) The particles of the precipitate to be peptized must be 
sufficiently small. (2) The peptizing substance must possess 
the property of forming a soluble compoimd or complex with 
the precipitate, and this compoimd must be in equiUbriiun with 
its dissociation products in the solution. (3) The precipitate 
must be practically insoluble in the absence of the peptizing 
material. Thus a precipitate of Agl can be peptized by a solu- 
tion of KI. The most effective concentration of the KI for this 
purpose is about 0.03n. 

15. Dialysis and Ultrafiltration. — ^The property possessed by 
the colloidal jeUies and by many membranes, such as parchment 
paper and gold-beater's skin, of acting as semipermeable mem- 
branes is made use of in removing impurities, such as electrolytes 
and other substances, which may be present as solutes in the dis- 
persion mediiun of a colloidal solution. When this process of 
purifying the colloid is carried out by simply allowing the im- 
purities to diffuse through the membrane into the pure dispersion 
medium on the other side, the process is known as dialysis. 

By impregnating a supporting mediiun, such as filter paper, 
with a solution of a suitable colloidal jelly (as for example an 
acetic acid solution of collodion) filters of different degrees of 
porosity can be prepared. These ultrafilters, as they are called, 
have been used for separating colloidal particles of different 
degrees of dispersion from one another. 

16. Some Properties of Emulsion Colloids and Solutes of 
very High Molecular Weight. — ^According to the theory of von 
Veimarn any substance will be obtained in the form of a clear 
transparent colloidal jelly, if a sufficiently large quantity of it 
is precipitated in any way from a small volume of a medium in 

•Thomas Graham, F.R.S. (1805-1869). Professor of Chemistry in 
the University of London. The pioneer investigator in the field of colloid 
chemistry. He divided substances into colloids and crystalloids on the basis 
of their tendencies to diffuse or dialyze. He was also one of the earliest 
investigators of the phenomenon of adsorption. 
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which its solubility is sufficiently slight. The individual col- 
loidal particles of these gels are so small, that is, they consist 
of so few molecules, that the adsorbed layer of dispersion medium 
upon the surface of each particle constitutes relatively such a 
considerable proportion of the particle as to confer upon it to 
an appreciable degree the properties of a liquid particle. For 
this reason it is frequently very difficult to decide in a given '^ase 
whether the particles of the gel are in the crystalline state of 
aggregation or in the Uquid state of aggregation, and indeed with 
increasing degree of dispersion the one state may pass gradually 
over into the other and the distinction loses its significance. If 
a decrease in degree of dispersion results in the formation of an 
emulsion (Sec. 3), the gel would be classed as a true emulsoid. 
On the other hand, if a suspension or a precipitate of small crys- 
tals resulted, the gel would be more properly called a pseudo- 
emulsoid, if indeed the term emulsoid should be applied to it 
at all. 

True emulsoids are usually more stable than pseudo-emulsoids 
owing to the absence of crystal forces which cause the particles 
of the latter to gradually increase in size. Some pseudo-emul- 
soids composed of complex organic substances are also very 
stable owing to the weakness of the crystal forces. Lowering the 
temperature will obviously increase the stabiUty of a gel com- 
posed of crystalline particles, and the more the surface of the 
collQidal particles is contaminated with adsorbed impurities, 
the more difficult will it be for the crystal forces to act and render 
the gel unstable. A typical example^ of gelatinization by fall 
in temperature occurs in cooling a hot saturated solution of 
chrome-alum. The solution gradually increases in viscosity as 
the temperature falls and eventually sets to a stiff transparent 
jelly which on heating again passes gradually over into solution. 
A similar behavior is shown by the more stable gels, agar-agar 
and gelatine. 

The behavior of agar-agar solutions and many other organic 
gels of high molecular weight is frequently very much com- 
plicated by the fact that the sol is not a pure substance but a 
mixture of closely related substances. Thus an agar-agar 
solution consists^ of at least two substances, a-agar-agar and 
)8-agar-agar, which go over into each other imder different 
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conditions. The a-agar-agar (which can be obtained by pre- 
cipitation with alcohol from a water solution) is practically 
insoluble, as such, in water. On warming with water, however, 
it gradually changes over into the very soluble jS-form and 
thus passes into solution. Owing to this gradual change of 
one of these forms into the other, the properties and behavior 
of an agar-agar solution depend to a pronounced degree upon 
the previous history of the solution. The same is true of gelatine 
solutions. 

Molecularly dispersed, and therefore "true," solutions of sub- 
stances of very high molecular weight display many of the 
properties of colloids (including the property of gel formation) 
owing to the fact that the individual molecules are so large. 
In fact a series of solutions of the sodium salts of the fatty acids 
of progressively increasing molecular weight shows a continuous 
series of properties ranging from true solutions, displaying no 
colloidal properties, to typical colloidal solutions. The colloidal 
behavior of solutions of the higher members of the series is due, 
however, in a large measure to the hydrolysis of the salt which 
produces a colloidal solution of the insoluble fatty acid. The 
ordinary soap solutions are of this character. 

17. Classification of Disperse Systems with Reference to 
Degree of Dispersion. — ^As pointed out in the foregoing pages, 
it is possible to realize almost a continuous series of systems with 
degrees of dispersion ranging all the way from the ordinary non- 
dispersed heterogeneous systems to the molecularly dispersed 
homogeneous systems which we call true solutions. Any scheme 
for classifying systenis with respect to degree of dispersion must 
therefore include and exhibit this gradual change in the character 
of the system which accompanies the gradual increase in degree 
of dispersion. The following schematic representation*^ of disperse 
systems from this point of view fulfills this condition. The 
arrangement and nomenclature are due principally to Wolfgang 
Ostwald** and to P. von Veimarn. 

18. The Literature of Colloid Chemistry. — This branch of 
Physical Chemistry has developed with rapid strides during the 

* Wolfgang Ostwald. A son of Wilhelm Ostwald. Privatdozent at the 
University of Leipzig and editor of the Kolloid-Zeitschrift and the KoUoidr 
chemische Beihefte, 
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last 15 years and already possesses a formidable quantity of 
literature, references to which will be found in the books listed 
below. Of these books, that by Ostwald, is well arranged, com- 
prehensive and clearly and attractively written. For beginners 
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who do not read German the short sketch of the subject by 
Hatschek may be recommended. The other books in the list 
will be more readily appreciated by advanced students. 

REFERENCES 

Books: (1) Zur Lehre von den Zusidnden der Materie. P. P. von Wei- 
marn, 1914. (2) Grundzuge der Dispersoidchemie. P. P. von Weimam, 1911. 
(3) Grundriss der Kolloidchemie, Wolfgang Ostwald, 1911. (4) KapiJUff- 
chemie, Herbert Freundlich, 1909. (5) Der Kolloide Zustand der Materie. 
Leonardo Cassuto, 1913. (6) An Introduction to the Physics and Chemistry 
of Colloids, Emil Hatschek, 1913. 



CHAPTER XXVI 
RADIOACTIVITY 

1. Radioactive Change. — In 1896 Becquerel* observed that the 
element uranium gave out a radiation or emanation of some char- 
acter which was able to penetrate a sheet of metal and to affect a 
photographic plate. The air in the neighborhood of this 'Radio- 
active^' matter was found to be ionized as shown by its discharging 
effect upon an electroscope. Shortly afterward the Curies^ dis- 
covered two new radioactive elements, radium and polonium, in 
the mineral pitchblende, and Debierne'' found a third, actinium, 
in the same material. Since these pioneer discoveries, many 
workers have entered this field and as a result of their labors some 
thirty new radioactive elements have been discovered. 

The researches of Sir Ernest Rutherford*^ showed that the 
radiation given out by radioactive substances consists of three 
distinct classes of rays, which he named a-, fi-, and 7-rays, 
respectively. He also advanced the theory, which all subsequent 
research has confirmed and which is now universally accepted, 
that the process of radioactive change is the result of a sponta- 
neous decomposition of the atoms of the radioactive elements, as 
a consequence of which new elements, frequently even less stable 
than the parent element, are produced. (Cf. I, 2/.) These new 
radioactive elements decompose in turn and produce others, and 
this process continues through many stages until finally a stable 
element is produced as the end product of the series of changes. 
This stable end product appears in each case to be an isotope 
(I, 2c) of lead. 

• Henri Becquerel (1852-1908). Professor of Physics in the Laboratory of 
the National Museum of N^itural History at Paris, a position formerly held 
by his father and grandfather and at present filled by his son. 

^ Pierre Curie (1859-1906) and his wife, Marie Curie, nie Sklodowska, 
D.Sc, L.L.D. Professors of Physics at the Sorbonne, Paris. 

* Andr6 Debieme. Investigator in Radiochemistry at the Sorbonne, Paris. 
^'Sir Ernest Rutherford, F.R.S. (1871- ). Langworthy Professor of 

Physics in the University of ManchiBster, England. 
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2. The Nature of a-Rays. — These rays consist of a stream of 
positively charged particles shot out from the atom of the radio- 
active element with a velocity about one-tenth as great as that of 
Ught. Each particle carries two atomic charges of positive elec- 
tricity and these particles have been proved to be helium atoms 
with two electrons (I, 2e) missing. 

When a-rays are allowed to pass through any homogeneous 
material, they collide with the atoms in their path, ionize a 
certain number of them, are themselves slowed up as a conse- 
quence, and when their velocity falls to a "critical" value, which is 
about 2.7 per cent, of that of Ught, their ionizing power ceases 
and they can no longer be detected by electrical means. They are 
then said to be ^^ absorbed]^ by the material and the distance which 
they cover previous to this absorption is called their ^^range" 
This range is proportional to the cube of the initial velocity and 
is a characteristic property of the radioactive element giving rise 
to the a-particles. The absorptive powers of different materials, 
whether elements, compounds or mixtures, for the a-rays have 
been found by Bragg to be quite closely proportional to the mean 
of the square roots of the atomic weights of the elements compos- 
ing the absorbing material. 

3. The Scattering of a -Particles. — Most of the a-particles in 
passing through a given material move in straight lines, but some 
of them are deviated in one direction or the other and this 
deviation or ''scattering" is produced, according to Sir Ernest 
Rutherford, whenever an a-particle passes near enough to the 
nucleus of an atom to be appreciably acted upon by the electric 
charge of the nucleus. The magnitude of this central positive 
charge of a given atom is called its atomic number, and Sir Ernest 
Rutherford has calculated from measurements of the scattering 
effect that the nuclear positive charge of an atom is approximately 
equal to one-half its atomic weight multipUed by the charge of 
an electron. The scattering effect also indicates that practically 
all of the mass of an atom is concentrated in this positively 
charged nucleus, whose diameter in the case of hydrogen has 
been calculated to be only about 10"^^ cm., the total diameter of 
the hydrogen atom being of the order of magnitude of 10""* cm. 

4. The Nature of the j8-Rays. — The j8-rays consist of a stream 
of electrons moving with velocities ranging up to a maximum 
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almost equal to the velocity of light. While all the a-particles 
shot out by the decomposing atoms of a given radioactive element 
move with the same velocity, the /3-rays consist of particles 
moving with a great variety of velocities. 

The ionizing power of the j8-rays is much weaker than that of 
the a-rays. Their penetrating power increases with their ve- 
locity and is very great for the very rapid ones. They are most 
conveniently detected with the aid of the photographic plate. 

5. The Nature of the 7-Ra3rs. — ^These rays are identical with 
X-rays, that is, they are ordinary light rays of extremely short 
wave lengths. The wave length varies from about 10"^ cm. for 
the ''soft" or feebly penetrating rays to 0.7-10"^ cm. for the 
"hard" or very penetrating rays. Since these rays do not con- 
sist of charged particles they are not deflected by electromagnetic 
or electrostatic fields as are the a- and jS-rays. 

6. The Radioactive Constant and the Period of Half 
Change. — The number of atoms of a radioactive element which 
decompose per second at any time t is proportional to the number 
in existence at that time, or mathematically (Cf . equation 6, 
XXI), 

-g.X, (1) 

where X, the proportionality constant, is called the radioactive 
constant and is an important characteristic of the decomposing 
element. The reciprocal of this quantity is called the average 
life period of the element, and the time required for one-half of a 
given quantity of a radioactive element to decompose is called 
its period of half change or its half -value period. 

Problem 1. — Show that the period of half change of a radioactive element 

, , 0.6932 
IS equal to — r — • 

A 

The periods of half change of the different radioactive ele- 
ments vary all the way from thousands of milUons of years for the 
longest lived primary elements to less than a milUonth of a second 
for the shortest lived one. 

An important empirical relation between the radioactive con- 
stant and the range R of the a-particles emitted by a decomposing 
element has been discovered by Geiger and Nuttall. This rela- 
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tion is expressed by the equation 

X = a/e* (2) 

where 6 is a general constant and a is a constant characteristic 
of the series to which the element belongs. This relationship is 
especially valuable for the calculation of the radioactive con- 
stants of the very long or very short lived elements for which 
most of the other methods fail. 

7. The Disintegration Series. — Probably all of the thirty odd 
radioactive elements are decomposition products of one of the 
two parent elements, uranium and thorium. In order to show 
the chief characteristics of the radio-elements and their relations 
bo one another, it is customary to arrange them in a disinte- 
gration series starting with the parent element and showing all 
the successive steps in its disintegration up to the production of 
the stable end product of the series. 

Fig. 55 shows the three disintegration series as arranged by 
Soddy. The numbers in the circles are the atomic weights of the 
elements. The nature of the rays (whether a or fi) given out in 
each decomposition is indicated by the small circles or dots at the 
side of the larger circles. The Roman numerals indicate the 
group to which the element belong^ in the periodic system, and 
hence from these numerals the chemical properties of the element 
can be inferred. Below the name of each element appears the 
value of 1/X, the ''average life period'' of the element. 

8. Radioactive Equilibrium. — A radioactive material is said to 
be in radioactive equilibrium when the rate of production of each 
radioactive element from its parent is just balanced by its rate 
of decomposition into the next lower element of the series. The 
equilibrium quantities of the different elements in any such radio- 
active material are inversely proportional to their radioactive 
constants. 

9. Counting the a-Particles. — When an a-particle strikes a 
screen covered with zinc sulphide (such a screen is called a 
spinthariscope) J it produces a small flash of light which is easily 
visible under a microscope. By counting the number of flashes 
observed on such a screen, one can find the number of a-particles 
which strike it in a given period of time. Instead of the spin- 
thariscope an ionization vessel may also be employed for the same 

25 
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IMtfpwiii. Aa apparatus arranged for this purpose by Eutherford | 
!UiU Geigar is shown in Fig. 56. The radioactive material was 
[tiaueU upon a suitable support (not shown) in the evacuated tube, 
14, a6 a known distance, R, from the small opening, D, of kno»ii 
iU«% A. This opening consisted of a thin mica plate throt^h 
whisb the Lit-particles could pass without difficulty into the detect- 
lOj^vtMsel, B. which was filled with air at a low pressure and was 
l>fuvidt;d with two electrodes charged at a high potential and 
<»>uiwcted to a sensitive electrometer, an instrument for indieatii^ 
thw pwsiuiK<^ of a current. Hence whenever an a-particle passed 
Lhruu^h the small opening at D into the detecting vessel, it 
touiisevl the air and a momentary current of electricity flowed 
l'r*>ui oux uf the electrodes to the other and the passage of this 
L'unvut was indicated by a sudden throw of the electrometer 
itvwille. The observer has only to count the number of throws of 
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VHu. W.— KklthurEord and Geiger's Apparatus for Counting the a-particka. 

iltti til^l'li'oaicter needle which occur in a given time interval and 
tut liuN Hi t>nce the number of a-particles which passed tiiroughthe 
ttitiM 1* Ui that time; or the throws of the galvanometer may be 
rv^Uttin'tl photographic ally on a moving film, if desired. Know- 
\u)i I K(i lUWi of the opening D and its distance from the radioactive 
MiUiMM. ll ix oiMy to compute the total number of a-particles given 
(til li.v H»' ladiuni in that time, for they are given off uniformly in 
i|l) ilinmliimi*. In this way, Rutherford and Geiger found that 
tlt(> I* l'iirticlt« ivre given off by radium at the rate of about 
((i'/ Ml" ( til per cent.) particles per year, per gram of radiiun- 
tii u Bliuilar way, but using a spinthariscope and microscope 
It< (ilm-n III' tln' ionization vessel, Regener has determined the rate 
lc| MiilMJnn iif a-particles from polonium. About 20,000 par- 
Ih nil wtTr counted in the different experiments and the 
I ut nil experiments gave a rate of emission of SMlCf 
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(±0.3 per cent.) a-particles per second. By collecting the 
«-particles in a suitable measuring vessel the total charge carried 
by them was also determined by Regener. This charge was 
found to be 37.7-10""^ electrostatic units for the a-particles shot 
out from the polonium in 1 second. 

10. The Rate of Production of Helium by Radium. — Ruther- 
ford and Boltwood* carefully collected and measured all of the 
helimn (10.38 + 0.05 cu. mm.) produced from a sample of radiiun 
in 4 months and found in this way that the helium produced by 
the decomposition of the radium atoms amounted to 39 cu. mm. 
per year, per gram of radium. 

11. The Calculation of Avogadro's Number from Radioactive 
Data. — By combining Rutherford and Geiger's value for the rate 
of emission of a-particles by radium with Rutherford and Bolt- 
wood's value for the rate of production of helium from radium, 
the value (61.5 ± 2) 10^^ is obtained for Avogadro's number. 
Similarly Regener's value for the rate of emission of a-particles 
by polonium, combined with his determination of the total charge 
carried by these particles, gives (60.5 ±2) -10^^ for the value of 
this constant. These values agree, within the accuracy of the 
measurements involved, with the value of this constant computed 
by more accurate methods of entirely different character. (Cf. 
IX, 3 and 4, and XVI, 6.) 

Problem 2. — Carry out the calculations indicated above. 

REFERENCES 

Books: (1) Radioactive Substances and Their Radiations. Sir Ernest 
Rutherford, 1913. (2) The Chemistry of the Radio-elements. F. Soddy, 
1914. 

* Betram Borden Boltwood (1870- ). Professor of Badiochemistry 
at Yale University. 



CHAPTER XXVII 
ATOMIC STRUCTURE AND THE PERIODIC SYSTEM 

1. The Structure of the Atom.^* ^* ^ — As a result largely of in- 
vestigations published since 1912, a theory of atomic structure has 
been evolved which is able to interpret satisfactorily a consid- 
erable number of important relationships concerning the chemical 
elements. According to this theory every atom is supposed to 
be made up of a positively charged nucleus, in which most of 
the mass of the atom resides, "surrounded by rings of revolving 
electrons. The nucleus is itself composed of a definite number 
of units of positive electricity associated with a certain number 
of nuclear electrons, the positive electricity being always in ex- 
cess, however. The elementary units of positive electricity are 
supposed to be identical with the nucleus of the hydrogen atom, 
that is, they are hydrogen atoms minus one electron each. 

The mass of an atom, while due chiefly to the number of 
hydrogen nuclei which it contains, will not necessarily be an 
integral multiple of the mass of the hydrogen atom (ProutV 
Hypothesis), because according to electromagnetic theory the 
total mass of a body made up of positive and negative units will 
depend somewhat upon the manner in which they are packed 
together, and upon the energy change accompanying the forma- 
tion of the atom.'* If proper allowance^ be made for this "pack- 
ing effect ^^ however, a very exact multiple relationship can be 
shown to hold for a considerable number of elements as explained 
in section 4 below. 

The appearance of the helium atom almost intact in so many 
radioactive changes indicates that the nucleus of this atom con- 
stitutes a secondary unit of positive electricity of great stability. 
The nucleus of the helium atom, or an a-particle in other words, 
is supposed to be made up of four hydrogen nuclei united with two 
nuclear electrons. 

« William Prout (1785-1850). An English physician. 
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Since an atom a^ a whole is electrically neutral, the positive 
charge carried by its nucleus must be equal to the number of 
electrons exterior to the nucleus. This number is called the 
atomic number of the element and is a very important and char- 
acteristic constant, more characteristic even than its atomic 
weight, since the principal physical and chemical properties of 
the elements are determined by their atomic numbers, not by 
their atomic weights. Starting with hydrogen, the atomic num- 
bers of the elements run from H = 1, He = 2, 0=3^0 = ^ etc., up 
to U = 92. * ^ 

^. Atomic Numbers and X-Ray Spectra. — ^A very important 
and valuable relation connecting the atomic number of an ele- 
ment with its X-ray spectrum has been discovered by Moseley.* 
The spectrum of the characteristic X-ray radiation (VIII, 4) of 
an element is very simple, consisting of two groups of lines called 
the '' K '' radiation and the ''L " radiation, respectively. Moseley 
has made a systematic study of the "K'' radiations of the ele- 
ments from Al to Au and has found that these radiations consist 
of two strong lines whose frequencies (v) increase with increasing 
atomic weight of the element in accordance with the very simple 
relation, 

v = k(Ay-iy (1) 

where A; is a constant and Ajv is the atomic number of the element. 

This relation gives us an exceedingly convenient and rapid 
method for determining the atomic numbers of a large number 
of elements and Moseley's arrangement of the elements in accord- 
ance with his determinations of their atomic numbers in this 
manner has brought to light several interesting relationships 
which will be discussed below in connection with the considera- 
tion of a periodic system of the elements arranged in accordance 
with Moseley's determinations of their atomic numbers. 

3. The Radio-elements and the Periodic System.' — For a 
long time the relation of the radio-elements to the periodic system 
remained an unsolved problem, but in 1913 the solution of the 
problem was finally obtained through the independent eflfort of 
Fajans, Soddy and others, who perceived an important generali- 
zation with regard to the changes in chemical properties resulting 

*» H. G. T. Moseley. Fellow at the University of Manchester, England. 
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from Buccesfiive steps in a radioactive disintegration. This gen- 
eralization is in complete accord with, and a necessary conse- 
quence of, the theory of atomic structure outlined in section I. 
It may be formulated in terms of that theory as follows: 

1. In a radioactive transformation in which a-particles are 
expelled, the resulting new element must be composed of atomfl 
with a nuclear charge 2 units less and with an atomic weight 
approximately 4 units less (Cf. Fig. 55) than that of the pa> 
ent element. The atomic number therefore undergoes a decrease 
of 2 units and the new element will occupy a position in the peri- 
odic system two groups lower down than the one occupied bjits 
parent. 

2. In a ^-ray decomposition the atomic weight of the new ele- 
ment will be practically the same as that of its parent, since the 
mass of the electron lost is a negligible portion of the mass of the 
whole atom. (Cf. Fig. 55.) This electron comes from the nucleus 
of the parent atom, however, so that the nuclear charge and tlii»- 
the atomic number of the new element will be 1 unit larger thai»- 
that of its parent and it will thus occupy a position in the periodii^^ 
system one group higher up than its parent. 

By means of this simple generalization the atomic number^ 
and the chemical and physical properties of all the elements of »- 
given disintegration series can be predicted, if the atomic numbec" 
of one of the elements is known. The arrangement of all the 
known radioactive elements is the Mendelejeft table in accord- 
ance with the above scheme as shown in Fig. 57. If we start 
with the radium series, for example, we find Ui, an elemeDtin 
Group 6A. It undergoes an a-ray disintegration and produces 
U-Xi, an element belonging to Group 4A. This in turn 
undergoes ^-ray decomposition and produces U-Xs which be- 
lutigs to Group 5A, etc., the final product being an element in 
(iruup 4B. The atomic uumbers of the elements are shown at 
lUa bottom of the table. 
The most striking feature of this table is the fact that a single 
a the periodic system is filled by several different elements, 
i the place occupied by Pb in the table is also filled by Ra-B, 
t>, Th— B, and Ac-B, together with five other unnamed ele- 
•ich are the stable end products of the different disint*- 
es. These other elements are all isotopes (I, 2e) of 
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Pb, that is, they are chemically indistinguishable from Pb, and 
non-separable from it by any chemical means. They all have 
identical spark and arc spectra and except for differences in 
atomic weight and the behavior determined thereby are identical 
elements. The atomic weights of the different isotopes as far 
as they have been determined or can be inferred are shown in 
Fig. 55. 

Two elements of different atomic weights will diffuse at differ- 
ent rates in the fluid state and this difference in the rate of diffu- 
sion offers the only method for effecting a separation of two iso- 
topes and promises to yield some very fruitful results. By 
means of this method Thomson and Aston have recently shown 
that Ne is a mixture of two isotopes of atomic weights 20 and 22 
respectively. It is not impossible that some of our common de- 
ments may prove to be mixtures of isotopes. 

All of the known facts concerning the chemical and physical 
properties of the thirty odd radio-elements are in complete 
harmony with their arrangement in the periodic system as shown 
in Fig. 57. All of the elements fit readily into the system and 
the only vacant space in a disintegration series which existed 
at the time the table was first prepared was later filled by the dis- 
covery of U-X2 or "Brevium'^ by Fajans and Gohring. 

4. Hydrogen and Helium Nuclei as Units of Atomic Struc- 
ture. — We have seen in the preceding section that in the case of the 
heavy radio-elements the loss of an a-particle of mass four shifts 
the element two groups to the left in the periodic table and de- 
creases its atomic number by 2. If a similar relation held tnie 
for the lighter elements, then beginning with helium the addition 
of 4 to the atomic weight for each increase of 2 in the atomic 
number ought to give the atomic weights of the elements belong- 
ing to the even numbered groups of the periodic table, provided 
the changes in mass due to variations in the manner and degree 
of packing (XXVII, 1) in the nuclei of the successive elements 
could be neglected. 

From this point of view a careful examination of the atomic 
weights of the elements has been recently made by Harkins" and 
Wilson who find that the above rule holds very closely, with but 

*» William Draper Harkins (1873- ). Assistant Professor of Chemisti}* 
the University of Chicago. 
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few exceptions, for all the elements with atomic weights less than 
60. A similar rule also holds for the elements of the odd-num- 
bered groups in the periodic table, if the assumption is made 
that the first of these elements, lithium, is built up from one 
helium and three hydrogen nuclei. The results of this point of 
view and the agreement between the observed and calculated 
atomic weights is shown in Table XXXI. 

Table XXXI 

A symbolical representation of the atomic weights of the elements in 
the first three series of the periodic table. [Harkins and Wilson, Jour. 
Amer. Chem. Soc, 37, 1391 (1915).] H = 1.0078. 
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Increment from Series 2 to Series 3 = 4He. Increment from Series 3 to 
Series 4 — 5He (4He for K and Ca). Increment from Series 4 to Series 
5 = eHe. 

**This table gives Series 2, 3 and 4 of the periodic system, built up by 
adding the weight of one helium atom for each change of two places to the 
right, and by adding enough multiples of the weight of a hydrogen atom to 
make up the atomic weight. In order to make the relationship apparent a 
symbolical representation has been used, He being taken to stand for the 
weight 4, and H for the weight 1.00. Built up in this way, the atomic 
weights of all of the members of the even numbered groups (with the excep- 
tion of beryllium) may be represented by a whole number of symbols He, 
while all of the atomic weights in the odd groups [with the exception of 
chlorine] may be represented by 3H plus a whole number of symbols He." 

It will be noted that while the atomic weights marked "Theor/' 
in the table are computed on the basis -H = l, those marked 
*' Det." are the directly determined values on the basis H = 1.0078 
(i.e., = 16). That the agreement between the two is never- 
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theless close is interpreted by Harkins and Wilson'^ as indicating 
that the packing effect in the formation of these elements from 
hydrogen nuclei and electrons must involve a constant decrease 
of about 0.77 per cent, in the mass of the resulting atom; and that 
nearly all of this decrease probably takes place when the heKum 
atom is formed, which agrees with the great stability of the helium 
nucleus as a secondary unit of atomic structure. We thus have 
for the first time a reasonable explanation of the otherwise 
peculiar, but well-known fact that the whole-number relationship 
among the atomic weights is much more exact on the 0=16 
than on the H = \ basis. The table shows elements correspond- 
ing to all possible multiples of He except 2He and QHe. In phwc 
of the ^He we, however, find \QHe occurring twice, as Ar and Ca. 

The numerical relationships between the atomic weights of the 
elements displayed by Table XXXI were first discovered empiric- 
ally by Rydberg® as early as 1886 and his paper, in fact, contains a 
purely empirical presentation of nearly all the periodic relation- 
ships which are today finding physical interpretations in terms of 
atomic structure. His mathematical representation^ of these 
relationships involved certain empirical constants which are 
interpreted by our modern theory in terms of hydrogen and he 
Hum units, the charge on the nucleus, and the packing effect, 
respectively. 

The relation connecting atomic weight with atomic number for 
the elements shown in Table XXXI can be expressed mathemat- 
ically by the equation 

Beginning with the element Ni, this relation ceases to hold accu- 
rately for the elements of higher atomic weights. Whether this 
failure is due to a change in the packing effect or to some other 
factor or factors it is impossible to say at present. The excep- 
tional behavior of CI, Mg, and Si remains to be explained also. 

5. Graphical Representation of the Periodic Law. — A great 
many suggestions for improving Mendelejeflf's* tabular represen- 
tation of the periodic law have been proposed from time to time. 

*» J. R. Rydberg. Professor of Physics, Lund University, Sweden. 

* Dmitri Ivanovitsch Mendelejeflf (1834-1907). Professor of Gcncril 

Chemistry in the University of St. Petersburg. 
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probably the best of these suggestions are those which make use 
)f some kind of a continuous spiral or helLx, an early form of which 
Iras described by Sir William Crookes" in 1886. In order to 
bring this method of representation up to date the elements 
ihould be arranged on the helix in the order of their atomic 
lumbers and the system should include all of the radio-elements. 
Fwo hehcal diagrams of this character are shown in Figs. 58 and 
i9, respectively. 

The system shown in Fig. 58 consists of six principal or pri- 
lary spirals wrapped around what might be described aa a 
ylinder with a pear-shaped cross section, and three minor or 
Bcondary spirals wrapped on an adjacent cylinder. The pur- 
ose of the pear-shaped cross section is to contrast graphically 
he very rapid variation of chemical properties which occurs in 
assing through the transition group (Group 0) of the primary 
pu-ala with the very gradual variation in chemical properties 
rhich occurs in passing through the transition group (Group 8) 
t the secondary spirals. 

lilg. 59 is similar in moat respects to Fig. 58, but the cylinder 
mployed has a circular cross section instead of a pear-shaped 
oe, thus permitting the secondary spirals to be placed inside of 
she cylinder on which the primary spirals are wrapped and bring- 
iig the elements of subdivisions A and B of the different groups 
nto proximity with one another. The resemblances between the 
ilements of the two subdivisions of a given group, which in Fig. 
is are only made apparent by the lettering at the top, are thus 
Ddicated graphically by Fig. 59. The latter figure does not, 
lowever, exhibit quite so prominently the relation indicated by 
he pear-shaped cross section of Fig. 58, but it could evidently be 
Badily made to do so. With these exceptions and the fact that 
Iroup 4 is, as it should be, divided into two subdivisions in Fig, 
6, both figures are substantially identical and may be considered 
B the most modern representations of the relations involved in 
he periodic law. 

In both figures the elements follow each other around the 
leiix in the order of their atomic numbers, all the elements in the 
lame subgroup being located on the same straight line or rod. 
Famous English acien- 
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■jpnf Trg aeromjng np :isamir 'weiuijc^ jdoce not appear to have been 
VBmxTjf±j foilowpfi jx Smoit-'? nsr? but has been employed 
in 'icmtr mociicranctZK :s "iie Cmofces' helix, which Soddj 
appear*- TO jiavi^ ism le^ 2xe AmL ' Jua point. Fig. 50 being the 
proJ€«rtu>n if \ ?pae« ohdisL suvs the rdationahip very deulyi 
huwevf^. The ?caie -if sonniK wcighto being indicated on the 
left-oaad zianein. VtMsun: oiaces in the table are indicated 1^ 
the (jmisfioa of The «3nniMd of die dement. In fig. 58 the 
botopic elements oceopying a giren place are indicated only 
by their iiKjst familiar representatiTe, while in Fig. 59 the 
separate isotopes are indieated by small circles, a similtf 
method '.^i r^r;p^!5eatatioa being employed in the case of the 
rare earth ^roup. 

6. The Succession of die Eleme n ts in the Periodic System.— 
The elements in Figs. 58 and 59 follow each other in the order of 
their atomic numbers not in order of their atomic weights. For 
all of the elements between AI and Au the arrangement is based 
upon the values of the atomic numbers determined by Moeeley 
as tlescribed above. This arrangement corrects several incon- 
sistiMicies which existed in the old Mendelejeff arrangement. 
Thus nickel and cobalt in the new arrangement appear naturally 
ill lli(4r proper order as do also iodine and tellurium and argon and 
potassium. 

Tli(!sc and some of the other relationships shown by the new 
;ii I ;iiij!cni(*nt may be more easily appreciated by making an imag- 
mlm V journey around the helix. Starting with H which seems to 
o< rupv a place by itself wecome next to the inert 0-group element, 
It4f, with a valence of 0. Passing across the front of the cylinder 
npxt to the strongly electro-positive element, Li, with a 
»nce of L followed by Be, with a positive valence of 2. 
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The 3rd-group element, B, has a rather weak positive valence of t 
3 and a somewhat weaker negative valence. Finally on the J 
right aide of the cylinder we come to the 4th-group transitionj 
element; C, which displays a positive valence of 4 and a negative! 
valence of 4, both of equal strength. We now pass to the electro-]" 
negative elements on the back of the cylinder, the positiveJ 
valence continuing to decrease in strength and increase in value | 
while the negative valence increases in strength, and decreases u 
value, until we reach the 0-group element, Ne, on the left-hand I 
side of the cylinder, thus completing one full loop of the principal 1 
Or primary type. 

It should be noted that the characteristic valence number of 
any element on a primary loop is obtained by counting from the 
O-group, toward the front for positive elements and toward the 
back for negative elements. The maximum positive or oxygen 1 
Valence of the element is, however, equal to its group number in 
every case. If the maximum positive valence exhibited by a 
dement be numerically added to its maximum negative valence, 
there is evidently a tendency for the sum to equal 8. This tend- 
ency is exhibited especially by the elements of the 4th, 5th, 6th ] 
and 7th groups and is known as Abegg's^ Tule. In order to make 
it hold also for the electro-positive elements, Abegg assigned the ■ 
proper negative valences to them, regarding these valences, how- 
ever, as dormant. Thus Li is assigned a dormant negative val- 
ence of 7, and Be one of 6. The elements of the 3rd-group, 
however, actually exhibit a negative valence, although usually 
not the maximum value required by Abegg's rule. 

In this connection it is interesting to note that in both of the 
transition groups. Group and Group 4, which stand between the 
electro-negative elements on the back and the electro-positive 
elements on the front of the cylinder, the total valence value 
(algebraically computed) of the elements is always 0. The tran- 
sition through Group 0, however, always involves an abrupt jump 
from a strong electro-negative to a strong electro-positive ele- 
ment, while in passing through Group 4 this change in proper- 
ties is a very gradual one. As explained above, this behavior is 
indicated graphically by the shape of the loop in Fig. 58, 

■ Richard Abegg (1869-1909). Protesaor of Chemiatrj- in the Univereity 
of Brcslmi, Cipnimny. Editor of the Ze-ilechrifl Jut Ekklrochemie.. 
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Returning now to our journey around the cylinder, we find 
that two complete loops of the same character as the first one are 
made, but that in making the third loop, after passing across the 
front of the cylinder in the normal manner through A, K, Ca, and 
Sc, we find that in passing through Group 4 we enter upon a 
spiral belonging to the secondary type. The elements, V, Cr, 
Mn, which we now meet belong to subdivision B of their respect- 
ive groups in each instance, instead of to subdivision A. On 
reaching the 7th group we find the element Mn which while dis- 
playing the proper maximum positive valence of 7 is not neariy 
so strongly and typically electro-negative as the elements in 
division A of this group. Similarly the electro-positive element 
Cu of Group 1 on the opposite side of the loop, while displaying 
the proper positive valence for an element of this group, does not 
display it as strongly as do the elements of subdivision A of the 
same group. In other words, the transition from one side of the 
loop to the other is gradual, instead of abrupt, as on a primaiy 
loop. In accord with this behavior we find that in place of a 
transition element belonging to Group 0, with a valence of 0, 
we have the triad, Fe, Co, Ni, belonging to Group 8. The prop- 
erties of this group are intermediate in character between those 
of the 7th and 1st groups on each side of it, thus completing the 
gradual character of the transition from back to front through 
this transition group. 

This group is also characterized by a maximum positive valence 
of 8 and, according to Abegg, by a dormant negative valence of 0. 
We thus see that the transition from the back to the front of the 
cylinder on a secondary loop involves a change of valence from 
(-1, +7), through (-0, +8), to (-7, +1), but on a priman' 
loop the change is from ( — 1, +7) through (0) to ( — 7, +1) 
Moreover in the latter case the transition is through a peak 
occupied by a single inert element, while in the former it i> 
around a smooth bend occupied by a series of three elements. 

Stated in other terms the transition from the back to the front 
of the cylinder can occur only: (1) abruptly, through a group 
whose algebraic valence sum is and whose arithmetical valence 
sum is also 0; or (2) gradually, through a group whose algebraic 
valence sum is 8 and whose arithmetical valence sum is also 8; 
while the transition from the front to the back of the cylinder can 
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occur only through a group whose algebraic valence sum is and 
whose arithmetical valence sum is 8. 

Abegg himself, however, preferred* to assign the valence values 
+0 and —8 or —0 and +8 to the 0-group, the hypothetical 
value 8 being regarded as completely dormant. On this basis 
the arithmetical valence sum of all transition groups would evi- 
dently be 8. Abegg also preferred to regard Groups and 8 as 
subdivisions A and B respectively of a single group, pointing 
out that as we proceed along the cylinder (Fig. 59) from right to 
left, on either the back or the front, the differences between the 
two subdivisions of a given group increase' rapidly. Thus the 
difference between Ti and Ge or between Zr and Sn is small. 
The difference between P and V or between Sc and Ga, while 
somewhat greater, is still comparatively small. When we reach 
Groups 1 and 7, however, we find that K, Rb, and Cs on the one 
hand are quite decidedly different from Cu, Ag and Au on the 
other, and there is really little resemblance between Mn and CI 
or Br. Abegg concludes, therefore, that in the next group this 
difference between the subdivisions should reach a maximum 
and accordingly considers Group 8 as the B-subdivision of Group 
0. This viewpoint is indicated in Fig. 59 by connecting the 
two groups with a dotted tie-line. The tie-lines of the other 
groups can be made progressively heavier in the direction of 
Group 4 to indicate the convergence of the two subdivisions as 
Group 4 is approached. 

The following variation in the statement of Abegg's rule has 
been suggested by Harkins:^ If we define as complementary any 
two groups which face each other across the cylinder, then the 
group numbers (and hence also the maximum oxygen valences) 
of any two complementary groups when added together will 
always total 8. Thus starting with Group 4, which is to be con- 
sidered as complementary to itself, we get 4+4, 3+5, 2+6, 
1+7, and 0+8. Moreover, if with Abegg we may assign 
the value —8 as a valence number to Group 0, it is likewise true 
that if we add algebraically the most characteristic valence 
numbers of two complementary groups, the result will always be 
0. Thus beginning with Group 4 again, we obtain 4—4, 3 — 3, 
2,2— 1 — 1, and 8 — 8 or 0—0, the relationship being somewhat 
forced as regards the last pair. 

26 
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Returning now to our joiu*ney around the cylinder, after com- 
pleting the first secondary loop we return at Ge to the primary 
type and complete one full turn around the cylinder ending at Zr. 
Here we traverse again another secondary loop containing an un- 
discovered element in Group 7B. At Sn we return to the pri- 
mary type and complete a full tiu*n around the cylinder ending 
with Ce. Here a cataclysm of some kind appears to take place. 
Instead of making another loop around the cylinder, a return 
(see Fig. 59) to the Group-3A rod is made (or perhaps Ce itself 
belongs on this rod) and a vertical drop from atomic number 59 
to atomic number 72 and from atomic weight 140 to atomic 
weight 174 takes place, fourteen elements of the rare earth group, 
one of which is yet to be discovered, occupying the interval 
At all events the arrangement shown is correct if the relation- 
ships among these elements are those indicated. Our knowledge 
of these elements is still in an unsatisfactory state, however, and 
their proper distribution in the periodic system is therefore some- 
what uncertain as indicated by the manner in which they are 
treated in Fig. 58 which makes no attempt to arrange them. 

Whether a 4th-group element following lutecium exists at the 
place marked ? in Fig. 59 is doubtful, as Moseley's arrangement 
leaves no vacancy in the atomic numbers at this point. However 
this may be, the normal course of events is resumed once more with 
Ta and a full loop of the regular secondary type is completed 
ending with Pb and showing an undiscovered element in Group 
7B. In the place occupied by Pb are also indicated (in Fig. 59) 
its numerous isotopes. After Pb comes a full turn of the priman' 
type of loop occupied by the radio-elements and showing two 
vacancies, in Groups 7A and lA respectively. The weak radio- 
activity displayed by potassium and rubidium lends color to the 
supposition that they may possibly contain traces of the missing 
radioactive element or group of isotopes belonging in the Group 
lA vacancy. If such an element exists, it cannot belong to any 
of the known radioactive series, however (as is evident from Fig. 
57), and its radioactive behavior might well be of a different 
type. 

The primary loop containing the radio-elements ends at lo. 
Beginning here, another loop of the regular secondary tjrpe is 
started, but it goes no farther than U in Group 7B. If there ai« 
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any elements of higher atomic weight, they have not yet been 
discovered. 

It will be noticed that as the bottom of the cylinder is ap- 
proached there appears to be a tendency for all of the elements 
(except those of Group 0) to become more metallic in char- 
acter. On some helical models this convergence of properties 
is indicated by employing a truncated cone instead of a cylinder 
as a support for the helix. 

Another peculiarity of the table, as pointed out by Harkins,^ 
is the fact that the elements fall into periods as follows (see 
Fig. 59): Periods 1 and 2 contain 2X2^ elements each, Periods 
3 and 4 contain 2X3^ elements each, Period 5 contains 2X4^ 
elements, and Period 6 is incomplete. This peculiar relationship 
is doubtless connected with the genesis of the elements and if 
extrapolated upward on Fig. 59 would point to the possible exist- 
ence of one or two elements with atomic weights lower than 
hydrogen. The existence of such elements in some of the stars 
and nebulae has been inferred from certain lines in the spectra of 
these bodies. The names proto-hydrogen, nebulium, proto- 
fluorine, and arconium have been assigned to some of these 
hypothetical astronomical elements and an ingenious theory of 
their structure has been worked out by Nicholson* who has thus 
"been able to predict the positions of many of the lines in their 
spectra, in some instances before these lines were actually 
observed in the stars. 

A more detailed consideration of the properties of the elements 
and the periodic relations shown by them belongs more properlj* 
to the subject of Descriptive Inorganic Chemistry and will not 
therefore be further considered here. 
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APPENDIX 
THERMODYNAMIC DERIVATIONS 

The Perfect Thermodynamic Engine 

1. Introduction. — In the preceding pages it has been frequently- 
necessary to employ various purely thermodynamic equations, 
the derivations of which were not given. It was merely stated 
that they were necessary consequences of the First and Second 
Laws of Thermodynamics. It is the purpose of the present chap- 
ter to indicate the methods by which these important and funda- 
mental relationships are derived. For this purpose we shall make 
use of a perfect thermodynamic engine (X, 8) arranged so that it 
can be driven by the physico-chemical reaction under considera- 
tion. The student who familiarizes himself with the use of this 
engine will find thermodynamic derivations greatly simplified and 
after a little practice will find that the desired result can usually 
be written down simply by inspection. Furthermore, the exact 
significance of each of the quantities involved in the result is 
made perfectly clear by the nature of the processes which accom- 
pany the operation of the engine. 

2. Description of the Engine. — Figs. 60 and 61 illustrate type^ 
of the engine, the essential parts of which are the following (see 
Fig. 60) : , 

Two reaction chambers, E and E' (the "boilers")? contain the 
system under consideration. Each chamber is placed in a reser- 
voir, R and R'l of infinite heat capacity, for the purpose of main- 
taining a constant temperature within the chamber. Each 
chamber is fitted with a set of cylinders, A, B, D, A', B', D', etc., 
which connect with it, when necessary, through suitable semi- 
permeable membranes, aa, a'a'. The cylinders are fitted with 
fridionless pistons, A, B, D, A', B', D', etc., which may be semi- 
permeable or impermeable as required. Each corresponding 
pair of pistons is connected by a rigid piston rod, thus forming a 
compound piston, AA', BB', DD', etc. The piston rods have zero 
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operation of the engine. If dr=0, that is, if 1 le process is an 
isothermal one, then evidently dii=0 also. j. fter the opera- 
tion of the engine the desired result is obtained simply by writing 
down the work performed by each of the compound pistons and 

placing the sum equal to Q^, or to zero ws the case may be. 

In reckoning the work performed by auy given compoimd pis- 
ton it should be remembered that the piston always moves imder 
an infinitesimal constant pressure difference and that hence the 
expression for the work which it performs will always be of the 
form vdpy where v is the volume through which the piston moves. 
(Cf . equation 3, X.) In some instances dp may be zero. 

It should also be noted that the algebraic expression for the 
work performed by any compound piston during the operation of 
the engine will have a positive sign when the motion is from right 
to left and a negative sign when the motion is from left to right. 
This convention with regard to the sign of the work is of course an 
arbitrary one. The reverse convention would do equally well. 

6. The Method of Using the Engine. — The beginner will find 
it helpful to adopt a definite procedure to be employed in every 
instance. The following general procedure is recommended for 
'this purpose. It is applicable to every case where it is desired 
"tio derive a differential equation which is a direct consequence of 
"the Second Law of Thermo^^ynamics alone. The procedure is 
conveniently divided into tl ^ stages which should be invariably 
followed in the order give " 

7. FiUing the Engine.-^ \m both chambers of the engine with 
the physico-chemical system imder consideration and designate 
the vapor and osmotic pistolfis which it is desired to employ. The 
pressures (7>,n, etc.) against; \ihese pistons will be the same on both 
sides of the engine. The lower piston DD' will be used as the 
total-pressure piston in ev^ry case, that is, the pressure exerted 
against it from each side represents the total external pressure P 
appUed to the systems in the two chambers. Bring the heat 
reservoirs R and R' both to the temperature T. The engine is 
now filled but is not yet ready for operation because the pressures 
against the opposite heads of each compound piston are exactly 
equal in every case and there is no tendency for any piston to 
move. Clamp each piston and proceed to step 77. 
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//. Changing the Variables. — On the right-hand side of the 
engine, increase the value of the independent variable by an 
infinitesimal amount. The independent variable in any case is 
the quantity whose effect upon the system we wish to ascertaiiL 
Then indicate the corresponding increase in each of the dependent 
variables, that is, in each of the quantities whose variation with 
respect to the independent variable we wish to discover. The 
changes in the dependent variables should always be indicated as 
increa^ses without stopping to consider whether the change fa 
really an increase or a decrease. This question will take care of 
itself. We are now ready for the operation of the engine. 

///. Operating the Engine. — In the chamber E' allow the phys- 
ico-chemical reaction under consideration to proceed to comfde- 
tion in the direction desired. At the same time move the neces- 
sary pistons reversibly in such directions as to maintain the 
physical condition and chemical composition of the system in 
chamber E' exactly what it was at the moment of b^inning the 
operation. The reaction in chamber E will be found to proceed 
in the reverse direction and the condition of the system in this 
chamber will also remain at all times just what it was at the 
beginning of the operation. If the student is careful to see that 
this condition is fulfilled, it will be impossible for him to operate 
the engine incorrectly. 

IV, Formulating the Result, — Write down the total work per- 
formed by the various pistons as directed in section 4 above and 

J/TT 

place the result equal to Q -^ or to zero, as the case may be. 

In place of the letter Q, however, use a symbol indicating more 
specifically the nature of the heat effect of the process taking 
place in chamber E'. Finally rearrange the equation so that 
the left-hand side is a partial differential coeflScient, indicating 
as subscripts the quantities or variables which are constant 
for the process under consideration. 

The use of the above method of procedure will be more clearly 
understood by considering some specific examples. The cases con- 
sidered in what follows include the derivations of most of the 
thermodynamic equations employed in this book. In the first 
few cases considered the method of procedure outlined above will 
be gone through in detail, but afterward it will be sufiBlcient to 
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indicate the condition of the engine just before beginning the 
operation; that is, the first two steps of the method of procedure 
will be left for the student to go through. 

Vapor Pressure 

6. The Vapor Pressure of a Pure Substance, (a) Statement of 
fhe Problem. — The equilibrium between vapor and liquid (or 
vapor and crystal) in a one-component system may be altered: (a) 
by changing the total pressure on the Uquid (or crystal) phase at 
constant temperature; (6) by changing the temperature of the 
system while keeping the pressure on the liquid (or crystal) 
phase constant; or (c) by changing the temperature of the sys- 
tem and at the same time allowing the total pressure on the 
liquid (or crystal) phase to vary in such a manner that it is always 
equal to the vapor pressure. We shall make use of the perfect 
thermodynamic engine in order to determine the separate effects 
Df these different factors upon the vapor pressure of a pure 
iquid. The treatment for the case of a pure crystal is perfectly 
malogousy as is also the final equation obtained. 

(b) The Pressure Coefficient (7 = const.). — We shall use the 
engine shown in Fig. 60, omitting, however, pistons and cylinders 
BB'. 

/. The engine is filled as follows: Chamber E is filled with the 
iquid whose vapor pressure, acting through the membrane aa 
[permeable to the vapor only) against piston A, is p. The total 
pressure on the Uquid, acting against piston D, is P. Tempera- 
ture of R = r. Chamber E' is filled exactly as E. 

77. Change the pressure on piston D' from P to P+dP. The 
pressure on piston A' will then become p+dp, and the engine is 
ready for operation. 

777. Piston AA' moves reversibly from right to left (under the 
pressure difference, dp), while one mole of the liquid in chamber E' 
vaporizes through membrane a'a' into cylinder A' and onemole^ of 

1 Strictly, the amounts of material which are vaporized and condensed 
respectively during the motion of the compound piston AA' are not exactly 
equal but differ from each other by an infinitesimal amoimt. This difference 
need not be considered, however, as the amount of work involved in equalizing 
it would be a differential of the second order and therefore negligible. (See 
Jour. Amer. Chem. Soc, 82, 472-474 (1910).) 
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, only to the vapor) membrane against piston A, is p. Total 
sure on liquid, acting against piston D, is P. Temperature 
. = T. Chamber E' is filled exactly as E. 
^ Change the temperature of reservoir R' from T to 
dr. The pressure against piston A' will then become p+dp. 
pressure against piston D' remains P, however, by the 
litions of our problem. The engine is now ready to operate. 
T. Piston AA' moves reversibly from right to left (under the 
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Fig. 60. 

sure difference, dp), while one mole of the Uquid in chamber 
vaporates through the membrane a'a' into cylinder A' and 
nole^ of the vapor in cylinder A condenses through membrane 
ito chamber E. At the same time piston DD' moves from 
to right (under the pressure diflFerence, zero) through the 
me, Fo, of one mole of the liquid. This is necessary in order 
the pressure upon the liquid in both chambers shall remain 
tant. 
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IV, The work done by piston AA' is Vodp, where v^ is the molal 
volume of the vapor at the temperature T and pressure p. The 
work done by piston DD' is zero because the pressures are the 
same on both sides of it. The heat absorbed from reservoir 
R' is the molal heat of vaporization Lv of the liquid at the tem- 
perature T and the constant pressure P, because vaporization of 
the liquid under these conditions is the physico-chemical ^ea^ 
tion which takes place in chamber E' during the operation of the 
engine. We have, therefore, 

vodp=Lv-jr (5fl) 

or 



( 



which is equation (1, XII). 

(d) The Temperature Coefficient (P = p). — The latent heat of 
vaporization of a liquid is usually determined by condensing (in a 
calorimeter) the vapor of the boiling Uquid. Under these condi- 
tions the liquid always forms, not under constant pressure at all 
temperatures, but under its own vapor pressure at each tem- 
perature. The temperature coefficient of the vapor pressure 
under these conditions can be at once written down, by using the 
engine shown in Fig. 60. The arrangement is exactly as in the 
preceding case except that the pressure against piston D is p and 
that against piston D' is p+dp. The operation is exactly the 
same as before and we obtain at once the relation 

Vodp — Vodp = - V- (6fl I 

or 

which is the Clausius-Clapeyron equation, equation (2, XII). 

Problem 1. — Carry out the above derivations using a crystalline sub- 
stance instead of a liquid. 

Problem 2. — Derive, with the aid of the engine, an expression for thecoeffi- 

(d Tf\ 
-^jt) ) the rate of change of the freezing point with the extentfl 

pressure: (1) when the pressure on both phases is the same; and (2) when 
the pressure on the crystalline phase, only, is varied. 
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7. The Vapor Pressures of the Constituents of a Solution. — If 
we are dealing with the partial vapor pressure of one of the con- 
stituents of a solution instead of with the vapor pressure of a 
ptwe liquid, the derivations are carried out exactly as above 
except that the chambers of the engine are made infinite in vol- 
ume. This is necessary in order that the removal or insertion of 
one of the constituents, as a result of the motion of the vapor pis- 
ton AA', shall not produce a change in the composition of the 
solution. The final equations obtained will be identical in form 
with those given above except that for Vo we will write Fo, the 
partial molal volume (XII, 3) of the constituent in the solu- 
tion, and torLv we will write ^r, the partial molal heat of vapori- 
zation of the' constituent from the solution. The exact signifi- 
cance of these partial quantities will be clearly evident from the 
operation of the engine. 

Problem 3. — Derive equation (8, Xll). (See Jour. Amer. Chem. Soc, 
32, 477-481.) 

The Thermodynamic Relations Connecting the Colligative 

Properties op a Solution 

8. Description of the Engine. — The type of engine used is 
shown in Fig. 60. Both chambers are filled with the solution 
under investigation. Piston AA' is a ** vapor piston,'' that is, as 
it moves reversibly toward the left, for example, it draws the 
vapor of the solvent out of chamber E' and condenses it into 
chamber E. Piston BB' is an ''osmotic piston." As it moves 
reversibly toward the left it allows solvent to enter chamber E' by 
passing through the semipermeable head B', while at the same 
time solvent is removed in a similar manner from chamber E, the 
space behind the two piston heads being filled with pure solvent. 
Piston DD' is the total-pressure piston. It moves to the right or 
left during the operation of the engine whenever a volume change 
in the chambers renders it necessary, but since in the following 
treatment we shall deal always with a solution under constant 
external pressure (that of the atmosphere, for example), this 
piston will move only under a pressure difference of zero. Conse- 
quently no work is involved in its motion and it will not be neces- 
sary to pay any attention to it during the operation of the engine. 
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For our solution we shall take any homogeneous liquid mixture 
of any number of constituents, A, B, C, etc. Since the terms 
solvent and solute are perfectly arbitrary for such a solution 
(XI, 4), any constituent of the solution may be considered as the 
solvent in the following derivations. 

9. Osmotic Pressure and Vapor Pressure (P, r = const).— 
To ask the question, "How does the vapor pressure of the solvent 
from any solution vary with the osmotic pressure?/' is equivalent 
to asking the question, "How does the vapor pressure of the pure 
liquid solvent vary with the total pressure upon it?" (see defini- 
tion of osmotic pressure, equation (12, XII)), and this relation has 
already been derived. It is equation (3), which may be written 
as follows (since by definition dll = — dP) : 

(^] = _Lo (7) 

This is equation (15, XII). See problem 1, XII, for its int^ 
gration. 

Problem 4. — Derive equation (7) directly by means of the engine. 

10. Osmotic Pressure and Freezing-point Lowering (?= 
const.). — The problem may be stated thus: ''How does the 
osmotic pressure of a solution change with the temperature at 
which the solution is in equilibrium with the pure crystalline 
solvent?" The arrangement of the engine, ready for operation, 
is as follows: 

Chamber E : Filled with a solution in equilibrium with an 
excess of pure crystalline solvent and therefore (XI, 8) at the 
temperature of its freezing point, Tf> The mole fraction of the 
solvent is x. The pure liquid solvent (in cylinder B) is in 
equilibrium with the solution through the osmotic membrane of 
the piston head, the pressure diflFerence on the two sides of the 
membrane being IT. 

Chamber E' : Exactly as chamber E except that the mole frac- 
tion of the solvent is x+dxy the freezing point T^+dTr an<i 
the osmotic pressure n+dll. 

dll in this instance is given by the expression 



t 
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To operate the engine allow one mole of crystalline solvent to 
melt in chamber E' and remove the resulting liquid osmotically 
with piston BB' which moves reversibly toward the right. The 
reverse operation occurs in chamber E. The work done by piston 
BB' is — Fodn. The heat absorbed at the higher temperature 
(i.e., from reservoir R') is the molal heat of fusion (Lp) of the 
crystalline solvent, under the pressure P, to form liquid solvent 
under the pressure P—II, when this process takes place rever- 
sibly. This heat of fusion differs from the ordinary one merely 
by the value of the heat of compression of the liquid from P to 
P— n. This difference is negligible for most practical purposes. 

We have, therefore, 

-7odn=^^ (9) 

which is equation (17, XII). For the integration of this equation 
see Jour. Amer. Chem. Soc, 32, 498 and 1636 (1910). 

11. Vapor Pressure and Freezing Point (P = const.). — The 
problem may be stated as follows: ''How does the vapor pres- 
sure of the solvent from a solution vary with the temperature at 
which the solution is in equihbrium with the pure crystalline 
solvent?^' Now the vapor pressures from the solution and the 
crystalUne solvent are equal when the two are in equihbrium 
(X, 10); consequently this question is the same as inquiring, 
"How does the vapor pressure of the pure crystalUne solvent 
vary with the temperature?,'' and this relation has already been 
derived. It is equation (5) which- we may write as follows (using 
TV iDL place of T to indicate that we mean the absolute tem- 
perature of the freezing point of the solution) : 

which is equation (14, XII). 

In this equation Ls is the molal heat of sublimation of the pure 
crystalline solvent under the pressure P to form saturated vapor 
at the pressure p. dp is expressed by the equation 
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Problem 6. — Derive equation (11) directly by means of the engine. Inte- 
grate the equation for water, on the assumption that the specific heat »• 
pacities of ice and its saturated vapor are equal. (Cf . equation (21, XX).) 

Chemical Equilibrium 

12. Statement of the Problem. — Let us consider any chemical 
equilibrium, expressed by the equation 

aA+6B+ ?=tmM+nN+ (13) 

in which a mols of the substance A react with 6 mols of the sub- 
stance B, etc., to form m mols of the substance M and n mols of the 
substance N, etc. The substances entering into the reaction are 
in equilibrium with each other in any homogeneous phase and 
there may or may not also be present in the phase one or more 
other substances which do not take part in the reaction, a solvent 
or an indifferent gas, for example. The composition of the phase 
is represented by the equation 

where x^ is the mole fraction of the constituent A, etc., numerical 
subscripts referring to substances which do not take part in the 
chemical equilibrium. 

Our problem is to determine in what direction and to whai 
extent the chemical equiUbrium is displaced by: (1) increaang 
the concentration Ci.e., the mole fraction) of one of the reacting 
substances; (2) increasing the total pressure on the phase; and 
(3) increasing the temperature of the system. In deriving our 
fundamental equations it will be simpler to fix our attention 
chiefly upon some particular phase, and we shall choose a gaseous 
phase which, in addition to the reacting substances, contains ako 
an indifferent gas which we shall call constituent 1. It would 
correspond to a solvent, if we were deaUng with a liquid solution. 

13. Arrangement of the Engine. — We shall make use of the 
engine shown in Fig. 61. The arrangement when ready fof 
operation is as follows: 

Chamber E: Filled with the gaseous mixture as described 
above, the composition of the mixture being represented by the 
equation 
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The substances A, B> . . M, N, . ^ are in chemical equilibrium as 
expressed by the equation 

aA+6B+. . .?=imM+nN+ 

The partial pressures of the substances taking part in the equi- 
librium act through suitable semipermeable membranes against 
the pistons as follows: p\ against piston A^ pb against piston B, 
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Fig. 61. 

Pm against piston M, and pn against piston N. The total pres- 
sure on the system as appUed by piston D is P, 

Chamber E' : Analogous in every respect to chamber E except 
that the equilibrium has been slightly displaced by some cause 
so that the partial pressures from this chamber have become 
PA+dpA against piston A', ps+dpB against piston B', etc. 

14. Operation of the Engine. — The operation of the engine 
consists in the movement of pistons AA' and BB' toward the right 
until a moles of A and b moles of B have been forced into E' and 

27 
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drawn oat of E; and ^ nmahaneoas m oveme m cf 
MM' and HH' toward the left, removing «• molcB of M aali 
moles of N from W (as fast as they are formed by the natAg 
of the A and B which are being introdaced bj pistons AA' ui 
BBO and forcing them into E (as fast as they are r e quir ed to n- 
place, by reaction, the A and B which are being removed if 
IHStons AA' and BBO- The equilibrium is thus not distiirtxd 
in either chamber. Piston DIV does not more, because all the 
material which is forced into a chamber by one pair ot pistoosB 
removed by the other pair and hence no vcdume change occur 
in either chamber during the op^^tion of the engine. It is 
therefore immaterial whether the total pressures are the sum 
in both chambers or not. 

16* Formulating the Result. — ^The work done by pistons AA'i 
BB', MM' and Nlf' is 

or more briefly, 

X^mvMdpM 

where the ± sign indicates that the terms for the substances oa 
one side of the reaction must be taken with opposite signs from 
those for the substances on the other side of the reaction. 

Now according to the Second Law (see Sec. 4, above) this work I 

dT 
is equal to (1) zero, or (2) Q-my according as the displacement 

of the equilibrium in chamber E' is brought about by changmg 
(1) the composition, or the total pressure, or both; or (2) the 
temperature. 

In the former case we have, therefore, 

S * mvudpu = (15) 

which is equation (4, XXII). In this equation dp for eoA 
substance represents the complete differential, dp = ( ^1 (iP+ 

g-j dx, P being the total pressure on the system and x the 

mole fraction of any constitueni of the system whether it be con- 
cerned in the chemical reaction or not. In other words, if the 
chemical equilibrium be displaced in one direction or the other 
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by changing dther the pressure or the composition of the gas or 
both, the corresponding changes in the partial pressures of the 
molecular species concerned in 1>he equiUbrium must occur in such 
a way as to fulfill the condition represented by equation (15). 

If the shift in the equiUbrium is brought about by changing the 
temperature of chamber E' from T to T+dT, we obtain equation 
(43, XXII) which is 

\ dT 7p=T- ^^^^ 

where Hp^ the heat-of-the-reaction (XIX, 5), is the heat evolved 
when the reaction as written takes place at constant pressure, from 
right to left, that is, so as to produce the substances A and B. 

In the operation of the engine it will be noted that in chamber 
E' the reaction proceeds from left to right, that is, so as to produce 
M and N, and hence, according to section 4 above, Hp is the 
heat absorbed during this process. 

16. Chemical Equilibrium in Solution. — The thermodynamic 
laws governing chemical equilibrium in solution may be conven- 
iently derived in terms of the osmotic pressures of the substances 
concerned in the equilibrium. The operation of the engine is very 
similar to that described above for gases, the chief difference being 
that the substances involved in the equilibrium are removed 
from and introduced into the chambers by means of osmotic pis- 
tons instead of vapor pistons. Thus if the chambers contain a 
dilute solution of the substances A, B, M, and N in chemical 
equilibrium with one another, then cylinder A will be separated 
from chamber E by means of a membrane permeable only to the 
substance A and containing (in front of the piston) a dilute solu- 
tion of A at such a concentration, Ca, that it is in osmotic 
equilibrium with the solution in chamber E. The piston A is an 
osmotic piston permeable only to the pure solvent and only the 
pure solvent is contained in that portion of the cylinder behind 
the piston head. Piston and cylinder A' are similarly arranged. 

Now then if piston AA' be moved reversibly toward the right, 
the solvent will flow through the semipermeable head of piston 
A and will thus dilute the solution of A contained in the cylinder. 
This solution will then no longer be in osmotic equilibrium with 
the solution in chamber E and in order to restore the equilibrium 
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the substance A will pass through the membrane aa from cham- 
ber E into cylinder A. The reverse operation occurs on the other 
side of the engine and we thus see that the motion of the osmotic 
piston AA' from left to right results in the removal of A from 
chamber E and the introduction of A into chamber E', just as in 
the case of a vapor piston moving in the same direction. The 
other three pistons are arranged similarly and if, for example, 
reservoir R is at the temperature T and reservoir R' at the tem- 
perature T+dTj the operation of the engine gives us 

AT 

2:*mt;MdnM = 0jr (17) 

where Q is the heat absorbed when the reaction, aA+5B=mM+ 
nN, takes place in dilute solution under such conditions that it 
performs the maximmn amount of external work, for this is what 
happens in reservoir R' during the operation of the engine. 

Now the work performed by chamber E' during the operation 
is (neglecting diflferential quantities) 

Tr^a,=wFMnM+nFNnN-aFAnA-6FBnB (18) 

and for a dilute solution, according to equation (28, XIV), nr= 
RT for each mole of solute, thus giving us 

Wmax=^{m+n'-a'-h)RT (19) 

According to the First Law of Thermodynamics we have 

^U = Q-W (20.1 

and hence 

Q=^U+{m+n-a-'h)RT (21) 

Now by definition 

F = i 
^ C 

and from equation (28, XIV) we obtain 

n = CRT 

and by differentiation 

dn=RTdC+RCdT 
and 

Fdn = Krdlog.C+ftd7' 
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C!ombining this with equation (17) above gives 

. X'^{RTd\ogeC^+mRdT)=Q^ (25) 

which on combination with equation (21) becomes 

[AU+{m+n-a-b)RT]^ (26) 



or 

dlog^Kc AU 

dT ~RT^ 
which is equation (49, XXII). 



(27) 



Heat Capacity 

17. The Difference between Cp and c». — Equation (1, XX) is a 
consequence of the First and Second Laws together and is derived 
as follows: 

For 1 gram of any substance we obtain from equation (29, 
XX) differentiating with respect to T, at constant pressure. 

Equation (30, XX) gives us (for m = 1) 



- \bT} 



(29) 



vvhence 

Cn Cm ^^ I -^ in I 



Moreover, since U=^{{v,T)f if p is constant, the differential 
calculus requires that 

/i>U\ /i>U\ /dv\ . /dU\ ,^,, 

which on combining with equation (30) gives 

Thus far we have made use of the First Law only. 
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According to the Second Law, lor vxxj proceas mvoIriDg s 
ume change, Av, under a constant pnauure, p, we have 
relation 

dil=rdp=<?^ (ai 



or 

^ AT 

If the volume change is an infinitesunal one, the heat al 
will also be infinitesimal and equation (34) may be written 

or 

From equation (29, XX), differentiating witii respect to lit' 
constant T, we find 



\dp)r~Vd«»/r'^P 



whence by combination with equations (32) and (36) we have 

which is equation (la, XX). 

Problem 6. — Remembering that for any substance r=f(p,7'), show hot 
equation (la, XX) may be transformed into (16, XX). This transformation 
is purely mathematical. 



MISCELLANEOUS PROBLEMS FOR ADVANCED 

STUDENTS 

The student is supposed to find whatever additional data are 

^^Tiired for the solution of the following problems and to exer- 

his judgment in the selection of the best values to employ 

the case in hand. In some instances essential data may not 

available in the Uterature. In such cases the student should 

the knowledge which he has acquired of the laws and prin- 

es of his science in order to estimate as accurately as possible 

;^^^^ required values. The Landolt-Bornstein-Meyerhoffer 

hysikalische Chemische Tabellen and the Anniuil Tables of 

hysical and Chemical Constants will give most of the data re- 

^^viired. Give the source of all data employed and justify all 

Assumptions made. 

Problem 1. — The following data concerning an elementary substance in 
^he gaseous state are known: (a) Combined with a basic element it gives a 
ctrong base-forming compoimd and with an acid element, a strong acid- 
iorming compoimd; (&) its molal heat capacity at constant pressure is 6.96 
cal.; (c) its sulphur compoimd has a vapor density, referred to hydrogen, 
of 32 and contains 50 per cent, of sulphur; (d) 1 gram of the elementary 
substance in the gaseous state at 0^ and 760 mm. occupies a volume of 700 
c.c. What conclusions concerning the atomic and molecular weights of the 
elementary substance can be drawn from each datum alone and from all the 
data together? State the principle involved in each conclusion. 
. Problem 2. — (a) The compound of a certain element with silver contains 
46.0 per cent, of silver. (6) 10 grams of this (solid insoluble) compound at 
80** introduced into 800 grams of water at 20** cause its temperature to rise 
0.046**. (c) The compound is isomorphous with silver chloride, {d) The 
elementary substance itself has in the gaseous state a specific volume of 
200 c.c. at 327** and a pressure of one atmosphere, (c) At higher temperatures 
the specific volume increases much more rapidly than proportionality to 
the absolute temperature would require. (/) The specific-heat-ratio of the 
vapor is 1.31. State just what conclusion in regard to the atomic weight 
of the element and its mol. wt. in the gaseous state is warranted by (a) alone; 
by (a) and (6); by (a) and (c); by (a) and (d); by (a), (d), and (e); and by 
(a), (d)j and (/). State the principle involved in each conclusion. 

Problem 8. — What conclusion concerning the atomic weight of an element 
can be drawn from each of the following data: (1) separately; (2) from (a) 
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and (d) together; (3) from (a) and (e) together; (4) from all the data together? 
(a) 0.4481 gram of the element yielded an oxide weighing 0.6024 gram, (h) 
Two chlorides are known, one with a vapor density (referred to air) of 6.14 
and the other with a vapor density (referred to air) of 4.86. {d) With 
ammonium sulphate the element forms a double sulphate which is isomo^ 
phous with ammonium chrome-alum, (e) The specific heat capacity of the 
solid oxide is 0.1062 calorie per degree. (/) An aqueous solution of the 
chloride has a strong acid reaction. State the principle involved in each 
conclusion. 

Problem 4. — Estimate (to within one- or two-tenths of a degree) the boil- 
ing point, imder atmospheric pressure, of a solution of 8.91 grams of phen- 
anthrene in 100 grams of 2-3-dimethylhexane. (See Jour. Amer. Chem. 
Soc, 33, 521 (1911).) 

Problem 6. — The ionization constant of NH4OH in aqueous solution at 
18** is 17.2* 10~'. One liter of a 0.049435 normal aqueous solution of am- 
monia was shaken with 1 liter of chloroform until equilibrium was 
established. The chloroform layer on analysis was found to contain 
0.001705 formula weight of NH3. If 0.0207067 formula weight of ammonia 
is added to a bottle containing 1 liter of water and 1 liter of chloroform, hot 
much will be present in each solvent when equilibrium is established &t 
18°? Ammonia exists as NH3 molecules only, in chloroform. In water 
it is chiefly present as NHj molecules, but a small quantity hydrates to 
form NH4OH which ionizes into NHJ and OH~-ions. 

(Note : Found by experiment, 0.0007067 equivalent in the water layer 
and 0.0200 equivalent in the CHCI3 layer.) 

Problem 6. — To a solution of two isomeric substances, A and B, in equilib- 
rium with each other, a third substance, C, is added which does not react 
with A but reacts slowly and finally completely with B according to the 
reaction B+C=D. The equilibrium between A and B establishes itself 
instantaneously. Derive an equation which will express the concentration 
[D] of the substance D after a time tj in terms of the original concentrations 
[A], [B], and [C], and the velocity constant k of the slow reaction. 

Problem 7. — Diazoacetic ester decomposes in aqueous solution according 
to the equation, CHN2*C02C2H6+H20=CH20H-C02C2H6 4-N,, and the 
reaction is catalyzed by hydrogen-ion. At 25° in a solution 0.1 normal 
in acetic acid, 37.5 per cent, of the ester is decomposed in 10 minutes. As- 
suming that it takes 67 minutes to decompose the same percentage of the 
ester in a solution 0.1 formal in sodium hydrogen tartrate, what is the 
hydrogen-ion concentration in that solution? How many c.c. of Ni 
(measured under standard conditions) will be evolved in half an hour a: 
25° from 1 liter of a 0.25 molal solution of the ester to which is added 0.1 
mole of butyric acid and 0.05 mole of sodium butyrate? 

Problem 8. — A dilute solution of sodium chloride is flowed through a 
cylindrical tube with platinum gauze electrodes 25 cm. apart, in such a 
direction and at such a rate that the migration toward the anode of the 
hydroxide ions formed at the cathode is just compensated, a constant 
difference of potential of 50 volts being maintained at the electrodes. 
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Calculate the rate expressed in cm. per hour at which the solution is flowing 
^through the tube. Assume that the degree of ionization of the sodium 
hydroxide in the presence of the sodium chloride is 85 per cent. 

Problem 9. — At Tq** the degree of dissociation of the substance AaB6 in 
the gaseous state according to the reaction 2AaB6=aAs+&Bs is ao, the 
total pressure being Pq. If Vi liters of A«B6 at the temperature To and 
pressure Pi are mixed with Vt liters of Bj at the temperature T2 and pressure 
Pt, and the temperature of the mixture is maintained at To and its pressure 
at Pzj what will be the degree of dissociation (as) of A«B6 in this mixture? 

Problem JLO. — When hydriodic acid is heated to 440° until equilibrium is 
reached it is 25 per cent, dissociated into H^ and Ij. A mixture of 5.67 grams 
of solid iodine and 1 liter (measured under standard conditions) of hydrogen 
is heated to 440°, the volume being kept at 1 liter. All the iodine vaporizes, 
(a) What per cent, of it will be combined with the hydrogen? (6) What will 
be the total pressure of the mixture and its density referred to hydrogen? 
(c) K the total pressure on the system be decreased 50 per cent., how much 
iodine will be combined under the new pressure? 

Problem 11. — The equilibrium constant of the reaction, N2+Os=2NO 

[NOl* 
at 2675° absolute is \^ 1^ ==JCc=^3.5'10-». What yield of NO (in per- 

[Na] [O2I 

cent, by volume) would one obtain at this temperature and at atmospheric 

pressure (1) from air, (2) from a mixture of 40 per cent. O2 and 60 per cent. 

Nj? What should be the initial composition of the gaseous mixture in 

order to give the maximum yield of NO? 

Problem 12. — In each of two bottles are placed 1 liter of water and 
50 c.c. of a saturated solution of picric acid in benzene. 0.03 mole of HCl 
is added to the first bottle and 0.025 mole of another acid (X) to the 
second bottle, both of these acids being insoluble in benzene. The two 
bottles are then rotated at 18° imtil equilibrium is established, after which 
the benzene layer is drawn off from each bottle and analyzed. The analyses 
show the same content of picric acid in the benzene layers in both bottles. 
Calculate the hydrogen-ion concentration in a 0.025 molal aqueous solution 
of the acid X. 

Problem 13. — Calculate the heat of neutralization of RbOH by HBr in 
dUute solution at 100°. (See Table XXVIII.) 

Problem 14. — Calculate the hydrogen-ion concentration of a solution 
obtained by dissolving 61.55 liters (measured dry at 27° and 76 cm.) of 
NHs gas in 2.5 liters of a O.Oln aqueous solution of NH4CI at 18°. 

Problem 16. — The acid HA has at 18° an ionization constant of 3.4- 10"' 
and the Ao value of the anion is 180. What will be the conductance of a 
0.01 normal solution of the sodium salt of this acid at 18°, between parallel 
circular electrodes 2 cm. in diameter and 7 cm. apart hi a tube of 2 cm. 
internal diameter? (?, Hydrolysis.) 

Problem 16. — (a) The ionization constant of Z-mandelic acid is 4.17' 10~* 
and that of acetic acid 1.8' 10"'. From these data calculate, approximately, 
the ratio in which the base NaOH will distribute itself between the two 
acids, if 0.5 equivalent of the base be added to a liter of solution containing 
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0.5 equivalent of each acid. (&) The mixture of base and adds mentionai 
above was placed in a 10-decimeter tube and its angnlar rotation mesmnd 
by means of a polariscope and found to be —18.07**. In the same tube i 
0.5 normal solution of Na-^•mandelate gave —17.07^ and a 0.5 nonial 
solution of ^•mandelic acid gave —22.70*'. If, however, one-fourth of ii 
equivalent of HCl was added to a liter of the mandelic acid solutioii, tiie 
rotation was increased to —22.92*'. From these data compute another 
value for the distribution ratio asked for imder (a). 

Problem 17. — At IS** the specific conductance of a 0.1250 formal sohitioB 
of the weak acid diketotetrahydrothiazole (CsNHjOS) is 47.1- 10~* rec^rool 
ohms. The equivalent conductance of the anion of this acid is the saae 
as that of the acetate ion. 50 c.c. of an approximately 0.2 normal sdutioi 
of this acid are to be titrated with 0.2n KOH ai 18**. What is the value of 
the ''indicator function" of the indicator best adapted for use in thk 
titration. Assuming the indicator to be half transformed at the end poist, 
which of the indicators shown in Table XXIX would be the best one to 
employ? 

Problem 18. — In the analysis of ground waters a commonly occarnng 
case is a water which contains carbonic acid in excess of the amount required 
to form bicarbonate with the base present. Assume that this excess cs^ 
bonic acid (''free carbonic acid'') amounts to about 0.0003 mole of COsper 
liter (an "acidity of 30 parts per million'') and the total carbonate {U, 
CO2 as acid or normal carbonate) to about 0.(X)7 mole of COi per liter (aa 
"alkalinity of 700 parts per million"). The total-ion concentration of the 
water is about 0.01 equivalent per liter. The "free" COj is to be deter- 
mined by titration with 0.01 normal NaOH and the "combined" COiby 
titration with 0.01 normal HCl. Calculate the best value of the indicator 
function for each of these titrations. 

Problem 19. — 200 grams of mercury vapor at a temperature of 250* are 
allowed to expand adiabatically from an initial volume of 123.0 liters to a 
j&nal volume of 500.0 liters, the pressure at the same time falling to 23.203 
mm. Assuming the perfect gas laws, calculate the specific heat capacity 
of the vapor (a) at constant pressure and (6) at constant volume. 

Problem 20. — Calculate thermodynamically the atomic heat capacity, 
at constant volume, of solid iodine at room temperatures. 

Problem 21. — Determine the change in total energy which occurs wha 
one mole of orthonitrobenzoic acid changes from the ionized state to the 
crystalline state at 20°, using the following experimental data : ( 1 ) 500 grams 
of a i wt. normal solution of KOH were first saturated with the ortho- 
nitrobenzoic acid at 19° and this solution was removed from the exce« 
solid and placed, together with a piece of thin gold foil, in an adiabatk 
calorimeter at 19.20°. 573 grams of a i wt. normal solution of HNOi at 
19.20° were then run in and after stirring, the temperature rose to a constant 
maximum value of 20.00 ±0.01°. (2) The precipitate in the calorimeter 
was collected, dried and enclosed in the piece of gold foil so as to form a 
flat compact capsule. This was placed in the clean calorimeter together 
with 500 grams of the KOH solution and the whole brought to 17.00*. 573 



MISCELLANEOUS PROBLEMS 427 

Cpvuns of the HNOs solution at the same temperature were then run in and a 
xnaximtun temperature of 23.15*' attained. The heat of neutralization of 
KOH by HNOa (in) at 20* is 13,720 cal. per mole. The solubiUty of 
orthonitrobenzoic acid in water at 20** is 0.0379 mole and the degree of 
ionization of the saturated solution, as obtained from conductance measure- 
ments, is 33.6 per cent. The laws of mass action and of solubility product 
may be assimied to hold for the orthonitrobenzoic acid in all of the above 
solutions. What improvements in experimental details would you suggest? 
Problem 22. — The heat (^p) evolved by the reaction 4Ag+02=2Ag20 
-\rHpf is 13,400 cal. at 25° and constant pressure. Derive thermo- 
dynamically an equation expressing the change in Hp with the temperature, 

(».«., ~Tnr) . Using the best numerical data that you can find calculate the 

heat of this reaction at 200**. Assimie that oxygen is a perfect gas. 

Problem 23. — A mixture of hydrogen and oxygen in equivalent proportions 
at 20** and 760 mm. is exploded in a closed bomb placed in a calorimeter 
whose initial temperature is 20**. After the explosion it is found that for 
each gram of hydrogen in the bomb 425.0 grams of ice must be added to the 
calorimeter in order to restore its temperature to 20**. The heat of fusion 
of ice at 0** may be taken as 79.6 cal. Assuming (1) that at the end of the 
experiment all of the water produced by the explosion is in the liquid form, 
(2) that the explosion inside the bomb is so rapid that no heat is lost to the 
walls of the bomb until the reaction is complete, and (3) that the reaction 
goes to completion at all temperatures, what would be the maximum tem- 
perature and pressure attained inside of the bomb. The molal heat of 
vaporization of water at 100** and constant volume is 9000 cal. and the 
molal heat capacity of water vapor is C»=8.6+0.0038^ Assume the 
perfect gas laws. 

Problem 24. — A certain substance occurs in two modifications, A and B, 
the melting points of which are both higher than the transition point. At 
38** C. both forms exist, but A is the more stable form at this temperature. 
Wbich has the lower melting point, A or B? Prove it. 

Problem 26. — The vapor pressure of ethyl ether at 40** is 900 mm. By 
what percentage (approximately) will this vapor pressure change if the 
total pressure on the liquid is increased by three atmospheres? 

Problem 26. — With the aid of the perfect thermodynamic engine derive 
an expression for the rate of change of transition temperature with external 
pressure. The transition temperature of rhombic into monoclinic sulphur 
is 95.5** when the pressure is one atmosphere. How much and in what 
direction will the transition temperature be changed per atmosphere in- 
crease in pressure? Use Reicher's value for the heat of transition. The 
difference between the specific volimaes, Vm and Vrj of monoclinic and 
rhombic sulphur at the transition point was determined by means of 
a dilatometer and found to be Vm—tv= 0.0126 c.c. (Reicher found experi- 
mentally that the transition temperature changed 0.04**— 0.05** for each 
atmosphere increase in pressure.) 
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Problem 27. — Calculate thennodynamioally the vapor pressure of ice at 
the temperature of boiling air (80* abs.). What would be the relative 
humidity at 25*^ of air which had been dried by passing it through a coil 
immersed in liquid air? 

Problem 28. — In the purification of Hj gas the last traces of Oi aie re- 
moved by passing the gas through a layer of platinized asbestos or spongy 
platinum at a temperature of 300** C. What will be the partial pressure d 
O2 in H2 prepared by this method if the procedure is as follows: The gask 
passed slowly over a long layer of the spongy platinum at 300° and then after 
cooling to 0** is passed through a glass spiral immersed in liquid air. This 
process is repeated several times. For additional data see problem 27 above 
and problem 40, XXII. 

Problem 29. — The vapor pressure of nitrobenzene, CsHftNOa, at 99.3* is 
20 mm. When a mixture of the mutually insoluble liquids, water and nitro- 
benzene, is heated under a pressure of one atmosphere it boils at 99.3°. 
What mass of distillate must be collected in order to obtain a yield of 100 
grams of nitrobenzene? 

Problem 30. — A solution of dibromsuccinic acid is boiled with water. 
The initial concentration of the dibromsuccinic acid is 5.11 units per liter. 
At the end of the first ten minutes it has fallen to 3.77 and at the end of the 
next ten minutes to 2.74 units per liter. From these data calculate two 
values of the specific reaction rate. Take the average of these results and 
compute the concentration of the dibromsuccinic acid at the end of one hour. 
(The actually measured concentration at the end of an hour was 0.80 unit.) 
(Cf. XXI, 2.) 

Problem 31.— At 18^ the solubility product for AgCl is LlllO-^". If 
conductivity water having a specific conductance of 0.4- 10"* mhos at 18" is 
saturated with AgCl at this temperature, what will be the specific conduct- 
ance of the saturated solution? 

Problem 32. — To one liter of a solution containing 0.1 mole of cane sugar 
a mixture of 0.1 mole of KCl and 0.01 mole of HCl is added and the initial 
rate of inversion found to be R moles of sugar per second. What will be 
the initial rate of inversion of a 0.13 molal cane sugar solution produced by 
adding to one liter of it, 0.1 mole of the nitrate of a weak base, the nitrate 
being 7 per cent, hydrolysed in the solution. 

Problem 33. — Two substances, A and B, have the same melting poim 
(50°), but do not form mixed crystals. They form a compound (consisting 
of 33 i mole per cent, of A) which melts at 25®. Draw a figure which will 
represent the freezing-point-solubility diagram for this system. 

Problem 34. — State the number of degrees of freedom possessed by each 
of the following systems: (1) ice, crystals of NaCl, soln. of NaCl in H.O: 
(2) crystals of benzene, ice, soln. of H2O in benzene, soln. of benzene in 
H2O; (3) crystals of benzene, crystals of NaCl, ice, aqueous solution, vapor; 
(4) crystals of alcohol, ice; (5) ice, soln. of alcohol in water; ^(6) crj'stalsof 
SOrhydrate, ice, soln. of water in liquid SOj, soln. of S0» in water, vapor. 

Problem 36. — Mr. A claims to have found an exception to the Second 
Law of thermodynamics, based upon the following data: He prepared in» 
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high state of purity a new and very stable crystalline substance. Three 
very caivful determinations of the melting point by the capillary tube 
method gave 103.22^ 103.21** and 103.23^ respectively. The vapor pressure 
of the crystals was determined at 99% 100**, 101% 102** and 103**, using the 
differential tensimeter, in a thermostat regulated to 0.01**, the tensimeter 
b^g k^t a week at each temperature previous to making the reading. 
The vapor pressure of the liquid was then determined at 103.25**, 104**, 105** 
and 106° without opening the apparatus. Both sets of measurements were 
then repeated in the reverse direction. On plotting the data the two series 
cm the crystals and the two on the liquid checked very closely. The two 
iwipor pressure curves, however, intersected at 101.13**. The same thermom- 
eter was used throughout the work and all corrections to it were properly 
made. The substance did not form a second crystal phase but melted 
f^orply to a dear liquid. The heat of fusion was about 40 cal. per gram 
«nd the change in volimie on melting (determined by melting under oil) was 
^•1 cc. per gram. State whether you agree or disagree with Mr. A's claim 
and defend your opinion. (Cf. X, 10 and Prob. 2, Appendix.) 
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from Ra, 386, 387; scattering of, 382; total charge carried by, 387 

rays, nature of the, 382 
morphous precipitates, 77 

solids, 77 
mphoteric electrolytes, def. of, 310 
nalyzer, def. of, 79 
nion, def. of, 186 
nisotropic, def. of, 16, 65 
node, def of, 191 
rconium, 413 

ssociated substances, 51, 115 
ssymetric, def. of, 6 
tom, def. of, 2; mass of an, 388; size of nucleus of an, 382; structure of the, 

7, 388 
tomic heat capacity, 260 

number, def. of, 382, 389; determination of, 389 

numbers, and X-ray spectra, 389; of radio-elements, 390 

theory, rise of the, 1 

weight, and atomic number, 394; determination of, 13, 38 

weights, mtemational, 14; table of, 13, 16 
utocatalysis, 276 
vogadro's law, 22 

number, def. of, 13; determination and value of, 88, 90, 91, 92, 208, 387 

431 
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Dlloidsy 361-380. See also Diaperae ayatems, 

coagulation of, 375, 376; electrical properties of, 374; emulsion, 378; 
irreversible, 376; protective, 376; reversible, 376; suspension, 
stability of, 371 
ombining weight, def. of, 11 
law of, 10, 11 
ratio, def. of, 10 
ombustion, heat of, 242 
omplexions, 190, 239, 303 
omponent, def. of, 16 

number, def. of, 339 
omposition number, def. of, 326 
ompound substances, def. of, 4 
ompressibility, coefl&cient of, 245; def. of, 40 
ancentrated solutions, laws of, 179 
ancentration, def. of, 120 
anductance, def. of, 208 

equivalent, def. of, 209 

specific, def. of, 209 
3ntact agent, 275 
Doling curves, 359 
arpuscles, def. of, 6 
3ulomb, def. of, VII 
Dulometer, def. of, 206 
rafts, rule of, 56 
ross references, IX 
ritical constants, method of, 37; table of, 61 

density, def. of, 61 

phenomena, the, 58 

point, def. of, 60 

pressure, def. of, 61 

temperature, def. of, 29, 60 

volume, def. of, 61 
rystal, def. of a, 65; form and chemical constitution, 68; nuclei, 23 
rystalline state, general characteristics of, 65 
rystallization, fractional, 182, 356; molecular kinetics of, 73 

temperature, law of, 356 
rystallography, 65 
rystalloid, 377 
rystals, absorption of heat by, 252; internal structure of, 69; molecular 

motion within, 74; vapor pressure of, 71 
urrent, strength of, 208 

carrying capacity, def. of, 193 

►alton\s law of partial pressures, 20 
»aniell cell, 200 

►ebye, equation of, 253, 254, 258, 259 
degradation of energy, principle of, 111 

28 
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Degree of dispersion, calculation of, 361; def. of, 361 

of dissociation, def. of, 284 

of hydrolysis, def. of, 316 

of ionization, and conductance ratio, 217; and temperature, 222; 
t3rpe of electrolyte, 220, 221; calculation of, from conducts 
ratio, 218-223; calculation of, from freezing point lowering, 
189, 222, 223; def. of, 188; of polyvalent salts, 221 
Deliquescence, 349 
Devitrification, 77 
Dialysis, 377 

Diamond, structure of the, 69 
Dielectric constant, def. of, IX 
Diffusion, gaseous, 27 

pressure, def. of, 159, 162 
Dilution, heat of, 240 

laws, 214 
Dimensional formulse, VII 
Direction of current, def. of, 192 
Disperse systems, and the Phase Rule, 361; classification of, 361, 363, 

of one component, 362; optical properties of, 365 
Dispersion, calculation of degree of, 361 
Dispersoid, def. of, 361 
Distillation, theory of, 180 
Distribution coeflScient, def. of, 148 

equilibrium, def. of, 148 

laws, 148, 176, 348 
Divariant, def. of, 342 
Drop-weights of liquids, 44 
Dulong and Petit, law of, 256, 260 

Eflflorescence, 349 
iSnstein, equation of, 89 
Elastic collision, def. of, 19 

system, 93 
Electric current, def. of, 9 
Electrical conductors, classes of, 191 
Electricity, elementary charge of, 206; electromagnetic and electnw 

units of, VIII; structure of, 6 
Electrochemical reactions, 193 
Electrode, def. of, 191 

reactions, principal, 199 
Electrolysis, def. of, 192; products of, 199 
Electrolyte, def. of, 186 
Electrolytes, types of, 187 
Electrolytic conductance, mechanism of, 192 

conductor, def. of, 191 

ionization, 8, 186 
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lectron, def. of, 6; mass of, 6 

llectronegative elements, 396 

llectrons, nuclear, 388; valence, 8 

lectropositive elements, 396 

lementary charge of electricity, determination of, 206 

substance, def. of, 2, 3 
ilements, astronomical, 403 
imulsion colloids, 374 
Imulsoid, 374 
inergy absorption, theories of, 246 

def. of, 93; forms of, 93; internal, 96; total, 96; units of, 99 
ingine, def. of, 106; mercury vapor, 109; perfect thermodynamic, 405 
Inzymes, 276 
lotvos, equation of, 46 
Iquilibrium concentration, def. of, 279 

constant, def. of, 279; determination of, 282 
quipartition of energy, principle of, 247 

Iquivalent conductance, def. of, 209; variation of with concentration, 212, 
213 
at infinite dilution, determination of, 212 

weight, def. of, 14 
Iscaping tendency, 128 
lutectic point, def. of, 169, 351 
Jxpansibility tension, 143 
Ixperimental data, interpretation of, 178 

act, def. of, 9 

'araday, def. of the, 205; value of the, 206 

'araday's law of electrolysis, 205 

luid, def. of, 52 

luidity, def. of, 52 

'ormal, def. of, 120 

'ormular weight, def. of, 14 

Pactional crystallization, theory of, 182 

distillation, theory of, 180 
'ree energy, calculation of. 111; def. of, 110 
"reezing, def. of, 74, 121 

mixture, action of, 355 

point, application of law of, 177; law of, 168, 172; law of, for aqueous 
solutions, 174 
lowering, def. of, 125; of solutions of electrolytes, 184 
Veezing-point-solubility diagrams, 169, 171, 350, 353, 354, 355, 356, 357 
Higacity, def. of, 143; molal, def. of, 224 
\ision, heat of, 75; molecular kinetics of, 73, 75 

ramma rays, nature of, 383 
ras, def. of, 19; structure of, 19 
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Gas constant, determination of, 38; value of, 28 

Gases, density of, 35, 36; dissociation of, 284, 285, 305; heat capacity of, 

248-253; internal energy of, 263; molecular weights of, 35 
Gay Lussac's law, derivation of, 21 
Geiger and Nuttall, equation of, 385 
Gelatinization of colloids, 378 
Glass, def . of a, 77 
Gram, def. of, VII 

Halting point, def. of, 359 

Heat, of combustion, 242; of dilution, 240; of formation, 242; of fusion, 76; 
of neutralization, 243; of precipitation, 243; of reaction, 240; 261- 
263; of solution, 175; of sublimation, 72; of transition, 67; of vt^Mii- 
zation, 54 
capacity, and reaction heat, 251, 261; at constant volume and at con- 
stant pressure, 245; def. of, 95; molal, def. of, 246; of compounds, 
260; of crystals, 258; of diatomic and polyatomic gases, 24^251; 
of liquids, 252; of monatomic gases, 248; thermodynamics of, 421 
content, def. of, 9 
energy, nature and definition of, 94 
engine, 106 
Helium, rate of production of from Ra, 387 

atoms as units of positive electricity, 388 
Henry's law, 147, 149 
Hess' law, 241 
Heterogeneous, def. of, 17 

systems, equilibrium law for, 296, 297; rate of reaction in, 277 
Homogeneous, def. of, 17 

Hydrates, crystalline, 348; in solution, 153, 174, 186, 232, 292, 293 
Hydration, and chemical equilibrium, 292, 293; of ions, 232 
Hydrogels, 374 

Hydrogen and helium nuclei as units of atomic structure, 392 
electrode, normal, 202 

-ion concentration, solutions of constant, 326 
ions, in electrolysis, 198 
Hydrosol, 371 
Hydrolysis, def. of, 314; degree of, 316; measurement of, 320-326; of ciDe 

sugar, 270, 271, 325; of salts, 313-326 
Hydroxyl ions, in electrolysis, 198 
Hypothesis, def. of, 9 

Ion, def. of an, 8, 186; absolute velocity of an, 236 

conductances, 213 

and viscosity, 291; calculation of, 233-236 

-constituent, def. of, 217 

-mobilities, calculation of, 233-236 
Ionic theory, the, 186 
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Ionization, degree of, 188; def. of, 8; in mixtures of electrolytes, 293, 295 
constant, def. of, 288; determination of, 321 

Ions, as catalysts, 275; complex, 190; fugacity of, 225, 226; hydration of, 
186, 232; intermediate, 221; variation of fugacity of, with concen- 
tration, 225, 226 

Indicators, color reactions of, 333; theory of, 328-335; use of, 326 

Intermediate ions, 221, 301 

Isohydric principle, 294 

Isomers, def. of, 5 

Isomorphism, 67 

Isomorphous, def. of, 67 

Isothermals, of isopentane, 60 

Isotopes, atomic weights of, 392; def. of, 390; separation of, 392 

Isotropic, def. of, 16 

Joule, def. of, 100 

-Thomson effect, 264 

IKinetic energy, intramolecular, 95 

theory of gases, 19-28, 95, 247-252 
IKohlrausch's law of the independent migration of ions, 213 
:Kopp, rule of, 260 
OSjraus, equation of, 215, 216, 287 



of nature, def. of, 10 
^XeChatelier, theorem of, 306 
ILight, polarized, 78 
Xdmiting densities, method of, 37 
Xonde liquid air machine, 266 
Liquefaction of gases, 40, 264 

Liquid, crystals, 66; distinction of, from gas, 41; state, general characteris- 
tics of, 41 
Liquids, supercooled, 76; vapor pressures of, 54 
liter, def. of, VIII 
Liter-atmosphere, def. of, 99 
Lorenz-Lorentz relation, 81 
Lyophilic colloids, def. of, 374 
Lyophobic colloids, def. of, 371 

Mass action law, 281, 279; and strong electrol5rtes, 287; for reaction rate, 269 

Matter, conservation of, 10; structure of, 1 

Mean free path, def. of, 19 

Melting point, def. of, 66, 74 

Metallic conductance, mechanism of, 192 

conductor, def. of, 191 
Metastable, def. of, 343 
Mho, def. of, 208 
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Mitscherlichy rule of, 67 
Mixed crystals, 182, 356 
Mixture, def . of, 3 
Mixtures, law of, 116 
Molal, def. of, 120 

surface, def. of, 45 

surface energy, 46 

volume, def. of, 28 

weight, def. of, 15 
Mole, def. of, 16 

fractions, def. of, 27; use of, in expressing comp>osition, 119 
Molecular components, 115 

formula, def. of, 14 

fractions, use of, in expressing composition, 120 

refractivity, def. of, 81 

weight, def. of, 15; from boiling point raising, 167; from freezing poii 
lowering, 173; from osmotic pressure, 153; from solubility lowerini 
183 ; from vapor pressure lowering, 146 ; in solution, 177 ; of liquids, \ 
Molecule, def. of, 2; polarized, 8, 227 
Mole-fraction, def. of, 27 
Monovariant, def. of, 342 
Moving boundary method for determining transference numbers, 236 

Nebulium, 403 

Nemst and Lindemann, equation of, 259 

Neutral salt effect, 273 

solution, def. Of, 312; preparation of, 327 
Neutralization, heat of, 243; mechanism of, 243 
Non-miscible liquids and solution laws, 179; distillation of, 181 
Non-variant, def. of, 343 

Normal, def. of, 120; electrodes, 201; liquids, 51; potentials, 201, 203 
Notation, explanation of, IX 
Nuclei, atomic, 382, 388; crystal, 73 

Ohm, def. of the, VIII 
Ohm's law, 208 
One-component systems, 342 
Optical activity, 79; and molecular structure, 80 
isomers, 6 
rotatory power, 78 
Orthobaric, def. of, 59 

Osmosis, def. of, 128; molecular kinetic interpretation of, 156 
Osmotic pressure, 163; and freezing point lowering, 154, 414; and molecul; 
weight, 153; and vapor pressure, 414; def. of, 127, 129, 161; dire 
measurement of, 129, 151; law of, 150, 177; of salt solutions, 1& 
of sugar solutions, 151, 154; value of, iii solution theory, 130 
temperature, 157 



SUBJECT INDEX 439 

Ostwald's dilution law, 217 

Packing effect in atoms, 388, 394 
Parkes' process, 357 
Peptization, 376 
Perfect engine, def . of, 106 

gas, adiabatic expansion of, 267 
law, 28; deviations from the, 31 
1 aws, validity of the, 29 

thermodynamic engine, the, 405 
Periodic law, graphical representation of the, 394 

system, helical diagram of the, 398, 399; position of the radio-elements 
in the, 392; succession of the elements in the, 396 
Phase, def. of, 16 

rule, 17, 336-360; assumptions involved in the, 341; derivation of the, 
339, the, for disperse systems, 361 ; literature of the, 360; use of the, 
341 

Photbchemical reactions, 277 
Physical chemistry, def. of, VIII 

properties and chemical constitution, 78 
Polarii^er, 79 

Polym^)rphism, def. of, 66 
Positivfe electricity, units of, 388 
Potassii^m, radioactivity of, 402 
Potential energy, def. of, 93; intramolecular, 95 
Potentials, characteristic electrode, 195; normal, 201 
Power, def. of, 106 

Precipitation, heat of, 243; law of, 368 n 

Principle, def. of, 10 
Protofluorine, 403 
l*roto-hydrogen, 403 
Prout's hypothesis, 388 
Pure substance, def. of, 3 

Quantum theory, the, 247 

Radiant energy, def. of, 9 

influence of, on chemical reactions, 277 
Radioactive changes, def. of, 7 

constant, calc. of the, 385; def. of the, 383 

disintegration series, description of, 385; table of, 384 

equilibrium, def. of, 385 
Radioactivity, 381-387; def. of, 6 
Radio-elements, the, and the periodic system, 389 
Radium, 6 
Ramsay and Shields, equation of, 47 

and Young, rule of, 55 



440 SUBJECT INDEX 

Raoult's law of vapor pressure lowering, 146 

Rare earths, elements of the, position in the periodic System, 402 

Rate of reaction, def . of, 269 

Reaction heat, 240; variation of, with temperature, 261-263 

rate, and temperature, 274; and thermod3mamic environment, 273; d 

of, 269; specific, 269 
Reactions, electrochemical, 193; first order, 270; second order, 271; th 

order, 272 
Reciprocal ohm, def. of, 208 
References, explanation of literature, IX 
Refraction, 80; index of, 80 
Resistance, specific, def. of, 209 
Rigidity, def. of, 65 
Rontgen rays, 82, 83 
Rubidium, radioactivity of, 402 
Rutherford and Geiger, apparatus for counting the alpha particles, 386 

Salt, def. of, 310 

Salting out eflfect, 227, 228 

Salts, ionization of, in aqueous solution, 221 

Saponification, and the ionic theory, 273; of an ester, 271-273 

Second, def of, VII 

Semipermeable membranes, 128, 154 

Soap solutions, 379 

Sol, def. of, 371 

Solid, amorphous, 76; def. of, 65; solutions, 356 

Solubility, def. of, 171; curves, retrograde, 354; law, the general, 168; I 

for dilute solutions, 175; lowering and molecular weight, 183; 

electrolytes, 299-302; of gases, 147; of salts in water, 350. J 

also Freezing point. 
Solubility-product law, 299-302 
Solute, def. of, 118 
Solution, def. of, 114; heat of, 175 

laws, application of, 176; deduction of, 132 
Solutions, constituents of, 118; classification of, 116; crystalline, 117; dil 

def. of, 141, 234; gaseous, 116; liquid, 118; of constant thermo 

namic environment, laws of, 143-178; of variable thermodyna 

environment, 179; solid, 356 
Solvent, def. of, 118; power, 119 
Space models, 358 
Specific conductance, def. of, 209 
heat, def. of, 95 
resistance, def. of, 209 
rotatory power, def. of, 79 
Spinthariscope, 385 
States of aggregation, def. of, 16 
Steam engine, efficiency of, 108 
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Stokes' law, 89, 219, 220 

Strong electrolytes, and the mass action law, 287; def. of, 190 

Structure of matter, 2 

Sublimation, heat of, 72, 100; point, 72; pressure, 71 

Substances, composition of, 2-8 

Substance, def. of, 2, 3, 349 

Sugar, hydration of, in solution, 153, 174; hydrolysis of. See Hydrolysis . 

Sulphur, phase-rule diagrams for, 346, 347 

Supercooling, 63, 76, 343 

Superheating, 63, 353 

Supersaturation, degree of, 368 

Surface tension, def. of, 42, 43; measurement of, 44;^ water, 44 

Surroundings, def .of, 16 

Suspension colloids, def. of, 371 

Suspensoid, def.. of, 371 

System, def. of, 16 

Swelling, phenomenon of, 373 

Tautomeric substances, 116 

Temperature, and kinetic energy, 28; absolute scale of, 25; centigrade scale, 
of, 24; thermodynamic scale of, 24 

Temperature-concentration diagrams, 349 

Theory, def. of a, 9 

Thermal pressure, 163; def. of, 159, 161 

Thermochemical equations, 240 

Thermochemistry, 240-244 

Thermodynamic derivations, 405 

environment, and reaction rate, 273; def. of, 135; influence of ions upon 
141, 224; measurement of change in, 138 

Thermodynamics, first law of, 96; second law of, 100-104 

Total-ion concentration, def. of, 287 

Transference experiment, description of a, 230 

numbers, and ion-conductances, 235; def. of, 218, 229; determination 
of, 230, 231, 237; tables of, 233; true, 232; variation of, with con- 
centration and temperature, 233 

Transition, heat of, 67; groups in the periodic system, 397: point, def. of, 
67, 353 ; point, determination of, 348 

Tri-iodide ion, 324 

Triple point, def. of, 343 

Trou ton's rule, 58 

Two-component systems, 348 

Tjmdall cone, 365 

Ultrafilter, 377 
Ultramicroscope, 365 
Unordered motion, def. of, 19 
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van der Waals, equation of, 32 

van't Hofif, equation of, 155, 305; osmotic pressure law of, 156 
Vapor pressure, 409; and external pressure, 124, 409; and freezing point 
lowering, 415; and surface tension, 363; and temperature, 122, 409; 
def. of, 40, 53, 121; diagram for an ideal solution, 145; equality of, 
at freezing point, 112; law of, 54 
lowering, def. of, 124; of KCl solutions, 185; Raoult's law of, 146; 
relative, def. of, 124 
pressures, of ideal solutions, 144; of crystals, 71; of salt hydrates, 348; 
of small drops, 361; of non-miscible liquids, 179 
Vaporization, heat of, 54; molecular kinetics of, 53 
Vapor tension, def. of, 40 
Viscosity, coefficient of, 51; def. of, 51; measurement of, 62 

ion conductances, and degree of ionization, 218-220 
Voltaic action, 200 ' 

Volume concentration, def. of, 121 

energy, molal, 23 
von Veimam's law of corresponding states, 367 

Water, as a catalyst, 276; constitution of liquid, 51, 115, 337; ionization of, 
312; ionization constant of, 313; phase of, 345; phase rule diagram 
for, 344, 345; specific conductance of, 313; the universal solvent, 119 

Weak electrolytes and the mass action law, 288-293 

Work, def. of, 93 

X-ray radiation, frequency of, 389 
X-rays and crystal structure, 69 
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Note. — Since Figs. 60 and 61 will need to be referred to fre- 
quently, it was deemed advisable to print them on a separate, 
perforated sheet, which is bound at the back of the book, so 
that it can be torn out for ready reference. 
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